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ABSTRACT
Ecology of Black-Legged Ticks (Ixodes scapularis) at
Fort Drum Military Installation, New York
Lucas E. Price
The number of confirmed cases of Lyme disease in the United States of America has risen from
12,801 cases reported in 1997, which is the earliest year these data are available, to 23,453
confirmed cases in 2019. In the eastern United States, black-legged ticks (Ixodes scapularis) are
the primary vector of Lyme disease, which is caused by the spirochete bacterium, Borrelia
burgdorferi. Tick abundance tends to be highest in dense forest habitats and where wildlife
diversity is low. Because wildlife species have varying levels of competency as reservoir hosts,
sources of tick bloodmeals influence Lyme disease ecology. White-footed mice (Peromyscus
leucopus) and eastern chipmunks (Tamias striatus) are highly competent reservoirs of Lyme
disease. High mast abundance has been found to influence tick abundance as well, and there is a
two-year time lag from high mast abundance to high tick abundance, as mast influences tick
abundance by increasing small mammal populations. To study Lyme disease ecology, we used
Fort Drum Military Installation in New York as our study area. Fort Drum had 38 cases of Lyme
disease from 2004 to 2013, with a 5.7% increase in Lyme disease incidences from 2006 to 2012.
Borrelia burgdorferi was identified in 18% of nymph and 48% of adult black-legged ticks on
Fort Drum in 2015 and 2016. To collect black-legged ticks, we conducted tick drag surveys in
2018, 2019, and 2020 during summer and fall field seasons, where summer field seasons
operated from May until August, and fall field seasons operated from August until November. In
total, we completed tick drag surveys at 56 sites, with fewer sites sampled during fall field
season. Tick drag surveys were conducted biweekly during summer and fall field seasons, and
each summer we completed six iterations of tick drags during a 12-week period. In addition to
tick drag surveys, we collected geographically referenced variables that have been correlated to
tick abundance, completed habitat structure surveys and wildlife diversity camera trap surveys,
and collected mast samples from Fort Drum. These data sets were used to create Negative
Binomial generalized linear models. With these models, we created tick abundance maps
predicting nymph and adult black-legged tick relative abundance across the Fort Drum
Cantonment Area, evaluated the influence of wildlife diversity and habitat structure on nymph
and adult tick relative abundance, and explored the relationship between mast and nymph tick
relative abundance. Our models used to create abundance maps passed model validation, and
because we used readily available geographically referenced data, the models can be easily
applied and validated in new areas. We also found habitat structure explained variation in tick
relative abundance better than wildlife diversity, with tree stem count, percent midstory
vegetation cover, percent canopy cover, and leaf litter depth positively related to tick relative
abundance. Furthermore, nymph tick relative abundance was positively related to oak mast
abundance when incorporating a two-year lag from high mast abundance to high nymph tick
relative abundance. In addition to exploring variation in tick relative abundance, we examined
tick bloodmeals on Fort Drum. To accomplish this, we extracted DNA from 20 engorged and 95
questing black-legged ticks and developed a genetic technique utilizing next-generation
sequencing. This protocol amplified the mitochondrial 12S gene of vertebrate bloodmeal within
the tick and used a Genotyping-in-Thousands by sequencing approach. We identified 100% of

bloodmeals from engorged ticks and identified 16.6–34.5% of questing tick bloodmeals using 1–
3 sequencing runs. We then applied these techniques to an additional 2,030 questing ticks
collected from 2018 to 2020. Our success rate ranged from 6.0–15.0% per year on these ticks.
The majority of black-legged tick bloodmeals came from eastern chipmunks (36.05% ± 16.02)
and eastern gray squirrels (Sciurus carolinensis, 26.32% ± 18.45). Based on our results, we
recommend focusing on habitat management to reduce tick abundance. Reducing canopy cover
and midstory vegetation cover in forest habitat, along with removing leaf litter should lower tick
abundance. If wildlife management is desired in addition to habitat management, we recommend
focusing efforts on managing eastern chipmunks. Chipmunks made up a large portion of tick
bloodmeals on Fort Drum, and they are a highly competent Lyme disease reservoir. Chipmunk
populations could either be reduced, or small mammal bait boxes can be deployed, which use a
bait to draw in small mammals and treat them with acaricides. We recommend focusing
management actions on areas where humans are most likely to encounter ticks, such as around
walking trails, playgrounds, or residential areas.
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Chapter 1: Introduction and Research Justification
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INTRODUCTION
In 2019, there were 23,453 confirmed cases and 11,492 probable cases of Lyme disease
in the United States of America (Centers for Disease Control and Prevention 2021). The number
of confirmed cases increased from 12,801 cases reported in 1997, which is the earliest year these
data are available, and the number of probable cases has increased almost steadily since this
statistic was first reported in 2008, at 6,277 probable cases. These numbers are conservative with
unreported cases likely substantially higher than those reported (Centers for Disease Control and
Prevention 2021). The Centers for Disease Control and Prevention (2021) state that Lyme
disease may infect approximately 476,000 people a year in the United States.
Lyme disease, discovered in Lyme, Connecticut in the mid-1970s (Bay Area Lyme
Foundation 2018), is caused by the spirochete bacterium, Borrelia burgdorferi (Burgdorfer et al.
1982, Steere et al. 1983, Johnson et al. 1984). In humans, Lyme disease first causes a bulls-eye
rash, which appears in 70−80% of cases after seven days on average (Centers for Disease
Control and Prevention 2015). Other signs that appear within a month of infection include flulike symptoms, such as fever, chills, headache, and soreness in the muscles and joints. If Lyme
disease is not detected early, B. burgdorferi can cause arthritis, facial palpitations, irregular
heartbeat, and inflammation of the brain and spinal cord leading to nerve pain, numbness or
tingling in the extremities, and even short-term memory issues (Centers for Disease Control and
Prevention 2015). Lyme disease affects animals in a variety of ways. Mice (Muridae) may show
no symptoms or only slight swelling, dogs (Canis lupus familiaris) can obtain chronic Lyme
disease with arthritis, and rabbits (Oryctolagus cuniculus) may show a rash; yet monkeys
(Macaca mulatta) show symptoms similar to those of humans (Tilly et al. 2008).
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B. burgdorferi is closely tied to the tick life cycle for distribution. B. burgdorferi requires
the tick vector for dispersal (Centers for Disease Control and Prevention 2015), as the bacterium
does not experience vertical transmission in white-footed mice (Peromyscus leucopus), a
reservoir host of Lyme disease (Mather et al. 1991). Humans are not capable of passing B.
burgdorferi to other humans directly, and strong evidence for vertical transmission in humans
has not been reported (Centers for Disease Control and Prevention 2015). Additionally, vertical
transmission of Lyme disease spirochetes is not present in the black-legged tick (Ixodes
scapularis, Patrican 1997), the primary vector of Lyme disease in the eastern United States.
Black-legged ticks have a two-year life cycle (Wisconsin Ticks and Tick-borne Diseases
2018). Adult ticks lay eggs in the late spring, and these eggs hatch during summer
(TickEncounter Resource Center 2018). The larva, which have six legs, overwinter following
one bloodmeal and emerge as a nymph with eight legs. The nymph will typically emerge in late
spring or early summer and seek a second bloodmeal. After this bloodmeal, the nymph will molt
again into an adult. The adult emerges in the fall, and females will seek one final bloodmeal to
obtain the energy resources necessary for egg production. If the bloodmeal is not attained in the
fall, the female may obtain a bloodmeal on a warm day during the winter or the early spring.
Males attach to mammals to seek reproductive opportunities but are not believed to require
another bloodmeal. Females will lay all eggs within one egg mass in the late spring, starting the
life cycle over again. A single female will lay up to 2,000 eggs. Tick species die after
reproductive efforts (TickEncounter Resource Center 2018). Ticks may obtain Lyme disease
from wildlife species that are reservoir hosts while obtaining a bloodmeal. As larval ticks have
not had a bloodmeal, only nymph and adult ticks may carry Lyme disease (Ostfeld 2011).

3

Black-legged ticks are known to acquire bloodmeals from a minimum of 125 different
vertebrates including mammals, birds, and lizards (Keirans et al. 1996). Adults tend to feed on
larger mammals for bloodmeals and mating, while smaller mammals, birds, and lizards tend to
provide bloodmeals for larva and nymphs (Keirans et al. 1996). High competency reservoir hosts
are more likely to transmit B. burgdorferi to ticks that feed on them (Ostfeld 2011), and whitefooted mice are believed to be the most competent reservoir host of Lyme disease (Mather et al.
1989). Eastern chipmunks (Tamias striatus) are another highly competent reservoir of Lyme
disease, with 75% prevalence of B. burgdorferi detected in eastern chipmunks in Massachusetts
(Mather et al. 1989).
Ostfeld (2011) reports Lyme disease will see a dilution effect with increased biological
diversity among hosts of varying reservoir competency. For Lyme disease, B. burgdorferi
prevalence decreases at high species diversity because there are more low competency hosts for
ticks to feed on than highly competent hosts; the most competent host, the white-footed mouse,
is at the highest abundance and relative abundance when species diversity is low (LoGiudice et
al. 2003). Ticks are also more likely to successfully complete bloodmeals on certain wildlife
species. Keesing et al. (2009) found that approximately 50% of larval ticks survived and
completed bloodmeals on white-footed mice in a lab setting, while significantly fewer ticks
successfully completed bloodmeals on eastern chipmunks (24%) and gray squirrels (Sciurus
carolinensis, 17%). Only 3.5% of larval ticks successfully fed on opossums (Keesing et al.
2009). Therefore, the increase in wildlife diversity that decreases Lyme disease prevalence in
ticks on the landscape also lowers tick abundance, as fewer ticks successfully complete
bloodmeals when feeding on a more diverse wildlife population. Levi et al. (2012) modeled the
removal of small mammal predators, showing this could increase the risk of B. burgdorferi
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infection and density of nymphs as well. Predator activity has been found to decrease the larval
load of castor bean ticks (Ixodes ricinus) on rodents (Hofmeester et al. 2017). The relationship
between tick bloodmeals and predators has two different pathways. Having more predators on
the landscape can reduce movement of their prey, and an increase in predators can also lower
prey population size. Avoidance of predators and population reduction in prey species lower the
number of encounters ticks have with prey species, making it more likely ticks encounter an
alternative bloodmeal source. This research suggests the importance of community structure
when studying black-legged ticks.
In addition to wildlife diversity, black-legged ticks are impacted by a variety of habitat
characteristics. Low humidity can alter developmental success and growth rates of ticks
(Needham and Teel 1991); additionally, extreme temperature conditions can cause black-legged
ticks to freeze or desiccate (Brownstein et al. 2003). Black-legged ticks in southern Maine have
higher abundance in areas with ferns or other indicators of moist soil (Lubelczyk et al. 2004).
Understory growth, canopy cover, and leaf litter depth are positively related to tick abundance
(Lubelczyk et al. 2004, Adalsteinsson et al. 2016, Ginsberg et al. 2020), while increased tree
diameter at breast height is negatively related to tick abundance (Adalsteinsson et al. 2016).
Forested areas have been identified as supporting larger tick populations, with authors
disagreeing whether coniferous or deciduous forests contain higher tick abundance (Lubelczyk et
al. 2004, Johnson et al. 2016, Fino 2017). Tick abundance is higher in forest interior than at the
forest edge (Horobik et al. 2006, Van Gestel et al. 2021). Distance to road and distance to stream
were found to be positively related to black-legged tick abundance as well (Adalsteinsson et al.
2016).
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Mast in forest habitat has been found to influence year to year variation in tick
abundance. Ostfeld et al. (1995) hypothesize that a larval tick increase within Dutchess County,
New York, in 1992 was due to a substantial acorn mast the previous year. Ostfeld et al. (2001)
identified an increase in mast (acorns) leading to an increase in mouse abundance the following
year, which resulted in more larval ticks feeding on these mice and increasing the number of
nymphs infected with B. burgdorferi the following year. Mast has also been found to influence
other small mammal populations that ticks feed on, such as gray squirrels and eastern chipmunks
(McShea 2000), indicating this relationship between tick abundance and mast might be
influenced by more than mouse population fluctuations. Ostfeld et al. (2006, 2018) found acorn
abundance two years prior, along with eastern chipmunk and mouse abundance the previous
year, as the best predictors of Lyme disease risk. Similar influences of European beech (Fagus
sylvatica) and Norway spruce (Picea abies) mast on tick abundance have been identified in
European ticks as well (Bregnard et al. 2020).
RESEARCH JUSTIFICATION
Similar to national trends, Lyme disease has been increasing on United States Military
Installations. Fort Drum Military Installation, located in northern New York, had 38 cases of
Lyme disease from 2004 to 2013 (Hurt and Dorsey 2014), with a 5.7% increase in Lyme disease
incidences from 2006 to 2012 (Rossi et al. 2015). B. burgdorferi was identified in 18% of nymph
and 48% of adult black-legged ticks on Fort Drum in 2015 and 2016 (Fino 2017). Black-legged
ticks were commonly collected by sampling at Fort Drum during previous research (Fino 2017),
but the site does not have established populations of other tick species. American dog ticks
(Dermacentor variabilis) and brown dog ticks (Rhipicephalus sanguineus) occur throughout
most of New York State (Centers for Disease Control and Prevention 2021), but neither has been
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reported on Fort Drum (Fino 2017). The lone star tick (Amblyomma americanum) is not reported
to be established within the northern half of New York (Centers for Disease Control and
Prevention 2021), and only one lone star tick was collected on Fort Drum during tick surveys in
2020.
The increasing prevalence of Lyme disease and previously instituted sampling techniques
for an established black-legged tick population make Fort Drum an ideal location to model
black-legged tick abundance on a local scale and evaluate tick bloodmeals. Fort Drum Military
Installation is home to the US Army’s 10th Mountain Division (Light Infantry), with 15,000
active duty personnel (US Army 2018). In addition to active duty, there are 17,200 family
members and 4,100 civilians on the installation (US Army 2018). Fort Drum, which was initially
acquired in 1909, is 43,409 hectares (US Army 2018). The Cantonment Area, the area on a
military installation where residences, offices, and other support facilities are located, is
approximately 3,237 hectares (US Army 2018). The Cantonment Area is a mix of various land
cover types in close proximity to humans, where 21% of the land cover is developed, 21% is
deciduous forest, 5% is coniferous forest, 10% is mixed forest, 8% is shrubland, and 33% is
grassland. Due to the large population of approximately 36,000 people living or working at Fort
Drum, it is important to manage black-legged tick populations and Lyme disease risk on site.
Families incur these risks while participating in recreational activities, and active duty personnel
incur these risks during training exercises.
RESEARCH OBJECTIVES AND DISSERTATION FORMAT
The objectives for this research at Fort Drum Military Installation included (1)
identifying areas of high black-legged tick relative abundance; (2) creating predictive models for
black-legged tick relative abundance that could be easily applied to other study areas and
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validated; (3) developing an understanding of variables that were related to black-legged tick
relative abundance; (4) identifying bloodmeal sources for black-legged ticks and relating those
bloodmeals to Lyme disease ecology; and (5) making management recommendations to decrease
black-legged tick abundance or decrease the risk of interactions between ticks and people. We
completed these research objectives in the following chapters by:
Chapter 2: Use of Habitat Structure, Wildlife Diversity, and Geographically Referenced Data to
Evaluate Variation in Black-Legged Tick Abundance at Fort Drum Military Installation, New
York
•

Created tick abundance maps highlighting areas of high Ixodes scapularis relative
abundance on Fort Drum

•

Evaluated the influence of wildlife diversity and habitat structure on variation in Ixodes
scapularis relative abundance on Fort Drum

Chapter 3: Influence of Mast Abundance in Forest Land Cover on Nymph Black-Legged Tick
Relative Abundance at Fort Drum Military Installation, New York
•

Evaluated the correlation between mast abundance and the abundance of Ixodes
scapularis on Fort Drum incorporating temporal lag effects

Chapter 4: Utilizing Next-Generation Sequencing Techniques to Determine the Last Bloodmeal
of Black-Legged Ticks
•

Developed and evaluated genetic techniques to determine the bloodmeal sources of
Ixodes scapularis using next-generation sequencing

Chapter 5: Determination of Black-Legged Tick Bloodmeals at Fort Drum Military Installation,
New York
•

Identified main bloodmeal sources of Ixodes scapularis on Fort Drum
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Chapter 6: Management Implications for Black-Legged Ticks at Fort Drum Military Installation,
New York
•

Integrated results from chapters 2–5 into management recommendations for missionrelated training and civilian recreation to mitigate risk from Ixodes scapularis on Fort
Drum
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Chapter 2: Use of Habitat Structure, Wildlife Diversity, and Geographically
Referenced Data to Evaluate Variation in Black-Legged Tick Abundance at
Fort Drum Military Installation, New York
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ABSTRACT
Wildlife diversity and habitat structure have been found to influence the abundance of blacklegged ticks (Ixodes scapularis), the primary vector of Lyme disease in the eastern United States.
Tick abundance is highest in dense forest habitats with low wildlife diversity. Our objectives
were to determine if habitat structure, wildlife diversity, or a combination of both best predicts
variation in black-legged tick abundance and to predict tick abundance at Fort Drum Military
Installation on a fine spatial scale using geographically referenced data. We completed tick drags
at 37 sites on Fort Drum Military Installation, New York, during summers of 2018, 2019, and
2020. We also conducted habitat surveys during the month of July in 2018, 2019 and 2020,
monitored wildlife diversity and abundance using game camera surveys during summers of 2019
and 2020, and collected geographically referenced data and extracted predictor variables of
interest for each tick drag survey site. We used Negative Binomial generalized linear models fit
using Bayesian techniques with Jags in R. We created habitat structure, wildlife diversity, habitat
structure and wildlife diversity, and geographically referenced models for nymph and adult
black-legged tick relative abundance. We used a Bayesian model to impute missing wildlife data
for 2018 within our models. Habitat structure explained the variation in tick relative abundance
better than wildlife diversity data. We found that forest land cover with more structure had
higher tick relative abundance. We mapped expected tick relative abundance across the Fort
Drum Cantonment Area using the geographically referenced model.
Keywords: Ixodes scapularis, relative abundance, habitat structure, wildlife diversity
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INTRODUCTION
Due to the risks to humans of tick-borne illnesses, a significant amount of research has
been focused on explaining the abundance patterns of various tick species. In the eastern United
States, one particular species of interest is the black-legged tick (Ixodes scapularis), which is the
primary vector of Lyme disease in the region. Wildlife diversity and habitat structure have been
identified as two key characteristics influencing variation in black-legged tick relative
abundance.
Black-legged ticks are known to acquire bloodmeals from a minimum of 125 different
vertebrates including mammals, birds, and lizards (Keirans et al. 1996). Adults tend to feed on
larger mammals for bloodmeals and mating, while smaller mammals, birds, and lizards tend to
provide bloodmeals for larva and nymphs (Keirans et al. 1996). Ticks are more likely to
successfully complete bloodmeals on certain wildlife species. Keesing et al. (2009) found that
approximately 50% of larval ticks survived and completed bloodmeals on white-footed mice
(Peromyscus leucopus) in a lab setting, while significantly fewer ticks successfully completed
bloodmeals on eastern chipmunks (24%) and gray squirrels (Sciurus carolinensis, 17%). Only
3.5% of larval ticks successfully fed on Virginia opossums (Didelphis virginiana, Keesing et al.
2009).
The white-footed mouse, which is believed to be a key bloodmeal source, is at the highest
abundance and relative abundance when species diversity is low (LoGiudice et al. 2003). As
wildlife species diversity increases, black-legged ticks are more likely to encounter a different
bloodmeal source that is more likely to remove ticks before the bloodmeal is completed (Ostfeld
2011). Therefore, fewer ticks successfully complete bloodmeals when feeding on a more diverse
wildlife community.
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Levi et al. (2012) modeled the removal of small mammal predators, showing this could
increase the density of nymphs as well. Predator activity has been found to decrease the larval
load of castor bean ticks (Ixodes ricinus) on rodents (Hofmeester et al. 2017). Predators can
impact tick bloodmeals in two ways: higher numbers of predators can reduce movement of prey
and higher numbers of predators can reduce prey populations. Both changes to prey species,
avoidance and population reduction, lower the number of encounters ticks have with prey
species, making it more likely ticks encounter an alternative bloodmeal source. This research
suggests the importance of community structure in explaining the variation of black-legged tick
abundance.
In addition to wildlife diversity, habitat characteristics influence black-legged tick
abundance. Low humidity can alter developmental success and growth rates of ticks (Needham
and Teel 1991); additionally, extreme weather conditions can cause black-legged ticks to freeze
or desiccate (Brownstein et al. 2003). Certain habitat features can help protect ticks from these
conditions. High tick abundance has been found at moderate levels of soil moisture (Lubelczyk
et al. 2004, Elias et al. 2006), and areas far from streams (Adalsteinsson et al. 2016). Forested
areas have been identified as supporting larger tick populations, with authors disagreeing
whether coniferous or deciduous forests contain higher tick abundance (Lubelczyk et al. 2004,
Johnson et al. 2016, Fino 2017). Within forested areas, understory growth, canopy cover, and
leaf litter depth are positively related to tick abundance (Lubelczyk et al. 2004, Adalsteinsson et
al. 2016, Ginsberg et al. 2020), while tree diameter at breast height (DBH) is negatively related
to tick abundance (Adalsteinsson et al. 2016). Tick abundance is also higher in forest interior
than at the forest edge (Horobik et al. 2006, Van Gestel et al. 2021). Differing responses have
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also been identified between tick abundance and distance to roads (Adalsteinsson et al. 2016,
Talbot et al. 2019).
Research on the influence of habitat and host species has focused on predicting range
expansion of I. scapularis into new landscapes (Ogden et al. 2006, Leighton et al. 2012) and tick
abundance on a broad scale (Guerra et al. 2002, Diuk-Wasser et al. 2010). Maps can be created
to predict tick relative abundance across a specific location of interest, allowing for the selection
of lower risk sites for future activities. Diuk-Wasser et al. (2012) created risk maps for the
eastern United States by estimating the density of questing nymphs infected with Borrelia
burgdorferi, the bacterium responsible for Lyme disease (Burgdorfer et al. 1982, Steere et al.
1983, Johnson et al. 1984), and multiple studies have mapped the probability of occurrence or
relative intensity of use for tick vectors of B. burgdorferi (Swart et al. 2014, Hahn et al. 2016,
Johnson et al. 2016, Gabriele-Rivet et al. 2017, Soucy et al. 2018) using models such as MaxEnt
or random forest. Because these studies focused on broader geographical extent, they have lower
resolution to predict at a localized scale.
Our first objective was to evaluate the influence of wildlife diversity and habitat structure
on the variation in black-legged tick relative abundance at Fort Drum Military Installation in
New York. We surveyed wildlife diversity using camera trap surveys and collected habitat
structure data for this objective and created Negative Binomial models from the datasets. Based
on these models, we evaluated whether wildlife diversity, habitat structure, or a combination of
these variables best explained the variation in tick abundance. As previous research has shown
the importance of wildlife diversity and habitat structure on black-legged tick abundance, we
expected both factors would be important in our models. Our second objective was to create
localized black-legged tick relative abundance maps using readily available geographically
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referenced data. While we evaluated the relationships among tick relative abundance and our
predictor variables, our focus for this dataset was on making predictions. By using readily
available datasets, other researchers can apply and validate these models for their location of
interest.
STUDY AREA
Fort Drum Military Installation is located in northern New York, between Adirondack
Park and Lake Ontario. Fort Drum is home to the US Army’s 10th Mountain Division (Light
Infantry), with approximately 15,000 active duty military personnel, 17,200 family members,
and 4,100 civilians and contractors on the installation (US Army 2018). Fort Drum covers
43,409 hectares (US Army 2018), with a 3,237-hectare Cantonment Area where barracks,
administrative offices, residences, and support facilities are located (US Army 2018). Within the
Cantonment Area, 21% of the land cover is developed, 21% is deciduous forest, 5% is coniferous
forest, 10% is mixed forest, 8% is shrubland, and 33% is grassland. The remaining land cover
consists of barren, wetland, or water land cover types.
On Fort Drum, there are 1,020 plant species, 252 bird species, 49 mammal species, 12
reptile species, and 18 amphibian species that have been recorded (US Army 2018). At the
weather station in Watertown, New York, a city approximately 10 miles from Fort Drum, the
mean maximum temperature in summer was 25.4°C (77.8°F), and the mean annual precipitation
was 109.5 cm (43.1 in, National Oceanic and Atmospheric Administration n.d.). Soil pH in the
Cantonment Area ranges from 4.8 to 7.5, and the available water capacity volume fraction ranges
from 0.07 to 0.36 according to the Web Soil Survey (Soil Survey Staff 2017).
Black-legged ticks are commonly collected by sampling at Fort Drum Military
Installation. American dog ticks (Dermacentor variabilis) and brown dog ticks (Rhipicephalus
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sanguineus) occur throughout most of New York State (Centers for Disease Control and
Prevention 2021), but neither has been reported on Fort Drum (Fino 2017). The lone star tick
(Amblyomma americanum) is not reported to be established within the northern half of New
York (Centers for Disease Control and Prevention 2021), but one was found in 2020.
METHODS
Tick Surveys
We conducted tick drag surveys from mid-May through mid-August in 2018, 2019, and
2020. Thirty-seven drag sites were used for this research in the Cantonment Area (Figure 1), 12
of which originated from sampling conducted previously (Fino 2017). For the current study, we
placed an additional 25 sampling sites randomly (simple random) using ArcGIS (Redlands, CA,
USA), with sites at least 300m apart.
We used a 1-m2 corduroy cloth drag to collect questing ticks that contacted the drag
(Appendix 1). We pulled the tick drag on the ground for 50-m transects. At each drag site, three
parallel transect drags were conducted 10-m apart, totaling 150m per drag site. Directional
azimuths for conducting tick drags were determined randomly and kept consistent through all
years of sampling. This helped reduce bias in different sampling locations, while helping with
consistency within site from year to year. Drags were conducted every two weeks over a 12week period, resulting in six drag iterations for each site. We assumed that drags occurring two
weeks apart were independent in terms of ticks collected, as ticks were only removed from a 1-m
width of transect and there were two weeks of tick movement and emergence between
samplings, but drags were not independent because sampling was being repeated at the same
location. We used the count of nymph black-legged ticks and count of adult black-legged ticks
collected at a site per a year as our indices of relative abundance. As we used a count metric
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totaling nymph or adult ticks per site across the six drag iterations, we did not need to account
for temporal variance in tick abundance within a single year. We did not include larval blacklegged ticks because larval ticks can be difficult to collect, as they are not evenly dispersed on
the landscape and occur in clumps (Ostfeld et al. 1996), and they are difficult to accurately count
due to their small size and high abundance.
Habitat Structure Surveys
For this study, we validated land cover from the GIS layer obtained from the Fort Drum
Military Installation Natural Resources Office, and minimal changes were made to the land cover
data to better reflect the true land cover at tick drag sites. We measured woody vegetation greater
than 2.54-cm diameter at breast height (DBH) at all tick drag sites within a 0.1-hectare plot.
Based on these plots, we estimated the percentage of coniferous species found at each tick drag
site and looked for sites that fit better into the range of values seen for other land cover
classifications. We identified two mixed forest sites that fit more accurately into the coniferous
land cover class, and one mixed-forest site that fit more accurately into the deciduous forest land
cover class. Deciduous forest sites had 0% to 10% coniferous species composition, mixed forest
sites had over 10% to 40% coniferous species composition, and coniferous forest sites had over
40% to 100% coniferous species composition. Shrub sites were sites where a majority of stems
were buckthorn (Rhamnus sp.), hawthorn (Crataegus sp.), and dogwood (Cornus sp.) species.
Grassland sites had below 50% canopy cover and ground cover dominated by grasses. Three of
our tick drag sites were in shrub, 11 sites were in coniferous forest, 11 sites were in deciduous
forest, four sites were in mixed forest, and eight sites were in grass land cover types.
We collected habitat variables (Figure 2) to use as predictor variables for modeling
variation in tick relative abundance. Habitat variables for tick drag sites were measured at the
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same plot as the tick drags (50×20m; 0.1ha). We completed measurements at all sites within the
month of July to limit temporal variance in habitat data. Within the tick drag plot, we recorded
DBH and species for all overstory and midstory tree species. We included all trees with a bole
that overlapped the boundary of the plot and measured all stems over 2.54-cm (1in) DBH, even if
they originated from the same stump and separated before breast height. This means if a tree had
multiple stems over 2.54-cm, they were all measured. More shrub-like species with woody
stems, such as buckthorn (Rhamnus sp.) and honeysuckle (Lonicera sp.), were included in tree
measurements. Overstory and midstory trees within shrub habitat were only measured within a
0.02-ha subplot (the middle 10×20m of the plot) and extrapolated for the rest of the plot in shrub
habitat. We used this smaller plot to conserve resources as shrub habitat features many stems.
Coarse woody debris was measured for a 0.02-ha (the middle 10×20m of the plot) area for all
plots. We measured length and diameter (taken near the middle of the coarse woody debris) for
all coarse woody debris ≥ 10-cm diameter. Snags ≥ 10-cm DBH were measured within the same
area.
We measured midstory vegetation cover, leaf litter depth, and ground cover 10 m off
each corner of the 0.1-ha plot, across the transects (90° from the azimuth of the tick drag, Figure
2). This provided consistency, and, as the azimuths of tick drags were generated randomly, using
this direction should not have created unnecessary bias. If this direction fell outside of the cover
type of the tick drag for any of the plot corners, measures were taken 10 m off the tick drag grid
on the same azimuth as the drag. If this was still out of the cover type, a direction outside the plot
and inside the cover type was chosen. We were confident with determining this cover type
distinction in the field, as most forest edges were with grassland or developed land cover types.
Midstory vegetation was measured using a cover board (Nudds 1977). Cover boards were 30.5
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cm (12 in) wide by 2.5 m tall (8 ft), with markings alternating between black and white every 0.5
m. We placed cover boards an additional 10 m away from the plot, observed the cover boards
from 10 m off the plot, and we estimated the overall percentage of the board covered. Leaf litter
depth was measured at the point 10 m off the corner of each plot. We visually estimated percent
ground cover within a 1-m2 quadrat at the same location as leaf litter depth. Canopy cover was
also measured at the point 10 m off the corner of each plot and at the center of the tick plot using
a densiometer. Midstory vegetation cover, leaf litter depth, percent ground cover, and canopy
cover were averaged to obtain one value per plot, and to capture temporal variance among
sampling seasons and measurement error, they were measured in July 2018, 2019, and 2020.
Other habitat characteristics we used (basal area, tree stem count per hectare, coarse woody
debris, snag basal area, and land cover type) were assumed to not vary significantly across years
and were only measured in July 2018.
Wildlife Diversity Surveys
We measured predictor variables associated with mammalian diversity using camera
traps in summers 2019 and 2020. We placed camera arrays at each tick drag site. Arrays
consisted of two cameras: one facing down to the ground and one facing horizontally (Figure 3).
We baited the camera facing down with bird seed, and the camera facing out was baited with a
scent lure, alternating between the Minnesota Red - Red Fox Gland Lure and Caven’s Yodel Dog
Coyote Gland Lure in 2019, and using only Caven’s Yodel Dog Coyote Gland Lure in 2020.
These scent lures are both targeted at members of the Canidae family, and we did not observe
differences in captures between the two scent lures in 2019. Red foxes (Vulpes vulpes) were
captured on camera at six sites in 2019 and at eight sites in 2020. Coyotes (Canis latrans) were
captured on camera at one site in 2019 and at eight sites in 2020. This may have been bias
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toward capturing coyotes with the change in scent lure or a larger coyote population in 2020, but
other species such as fisher (Pekania pennanti), weasel (Mustela sp.), and raccoon (Procyon
lotor) showed up at a similar number of sites. Cameras were rebaited once a week. Camera
arrays were placed on the edge of tick drags within the same cover type. The camera facing
down was positioned to capture small mammal abundance, while the camera facing out was
positioned to determine species richness and diversity of larger mammals and carnivores.
Cameras were deployed for 8 weeks starting in June. Due to resource limitations, we
monitored half of the tick drag sites at a time in 2019, with downward and outward facing
cameras (Cuddeback Model H-1453) rotated between tick drag sites every two weeks, so each
location was surveyed for 4 weeks. We set game cameras to be motion triggered, have a twopicture burst, and a 30-second delay time. In 2020, we obtained additional cameras (Cuddeback
Model 1279) and placed an outward facing camera at all tick drag sites for the full 8 weeks. Due
to the different camera model, these cameras had slightly different settings, with a three-picture
burst and a 30-second delay time during the day, while we were limited to taking one picture at a
time at night with a 30-second delay time. The downward facing cameras (Cuddeback Model H1453) were still alternated between tick drag locations using the same settings as 2019, resulting
in 4 weeks of downward facing camera surveys.
We summarized camera trap data into several metrics using data from both cameras.
Overall species richness (number of individual species detected per site) and species diversity
(Shannon’s Index) were calculated, with Shannon’s Index calculated using the package ‘vegan’
(Oksanen et al. 2013) in R (R Core Team 2013). We also calculated species richness, species
diversity, and abundance for small mammals, along with species richness for predators, as small
mammals and predators have both been found to influence tick abundance (LoGiudice et al.
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2003, Keesing et al. 2009, Levi et al. 2012, Hofmeester et al. 2017). We defined predators for
this study as any species from the order Carnivora, and small mammal species included mice,
eastern chipmunk, red squirrel (Tamiasciurus hudsonicus), gray squirrel, and flying squirrel
(Glaucomys sp.). Mice species were believed to be primarily white-footed or deer mouse
(Peromyscus maniculatus), but we were not able to differentiate between species for small
mammals around this size. We were confident in our ability to identify mammals approximately
the size of eastern chipmunks or larger. We chose species richness for predators, as captures
were rare, so we believed this best represented predator site level presence. For metrics that were
dependent on abundance, such as species diversity and small mammal abundance, we defined
novel captures of animals as captures of each species occurring a minimum of 5 minutes apart
(Meek et al. 2014, Znidersic 2017). Our number of animals captured in a novel capture event
was the maximum number of each species observed in a single image from that capture period.
Small mammal abundance was the number of captures per trap day of all small mammal species,
and abundance for Shannon’s Index was the number of captures per trap day for each species.
While captures per trap day is not a true abundance, and we may have undercounted different
individuals of the same species that moved through in a short time frame, our bias in methods
should have been consistent among sites which allowed us to compare these metrics. Similarly,
as Shannon’s Index is based on the percentage each species contributes to the total abundance
(Peet 1975), and the bias in this estimate should also be consistent across the study area, our
estimates of Shannon’s Index were comparable between sites as well. Days when the cameras
were deployed or taken down were counted as half days when calculating number of trap days.
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GIS Data Processing
The mean location of each tick drag site was calculated using the Mean Center tool in
ArcGIS (Redlands, CA, USA). Vector layers of roads, water features (primarily rivers and
streams), and land cover were obtained from the Fort Drum Natural Resources office. This land
cover dataset was last updated in 2006, but it is more accurate for differentiating vegetation
cover at this local scale than the newest National Land Cover Dataset. We obtained soil pH and
available water capacity (AWC) from the Web Soil Survey (Soil Survey Staff 2017). AWC is a
measure of the amount of water that soil is capable of holding and is represented by a volume
fraction in the Web Soil Survey. Although we are not aware of research identifying a relationship
between soil pH and tick abundance, ticks spend an extended period of time in close contact with
the soil while overwintering (Ostfeld 2011). High soil pH on Fort Drum was around 6.5 to 7.5.
At these pH levels, microbial activity will be greater and different trace elements and organic
matter are available within the soil (Neina 2019), which may have an influence on tick
populations. The land cover data was converted to a 9-m resolution raster layer using ArcGIS.
All land cover types that were not surveyed (wetland, water, barren, and developed) were
removed from the raster layer. Using the raster calculator, a forest or non-forest raster layer was
also created. From this raster layer, we created a raster layer containing a 50m forest edge using
FRAGSTATS v4 (McGarigal et al. 2012). We used a narrow edge effect as we were not
evaluating the response of tick abundance to edge habitat but wanted to evaluate how distance
from forest edge influenced tick abundance. Euclidean distance in meters to roads, water
features, and forest edge were calculated using the Euclidean Distance tool at 9-m resolution.
Soil pH and AWC were converted from polygons to raster layers at 9m resolution. All raster
layers were extracted by mask to have the same extent as the land cover raster dataset within the
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Fort Drum Cantonment Area and raster cells were aligned to the land cover layer using snap
raster. We extracted land cover type, AWC, soil pH, and distance to forest edge, water, and roads
at the mean center of tick drag sites using the Zonal Statistics as Table tool (Appendix 5).
Modeling
Models were created using 2018, 2019, and 2020 tick relative abundance data including a
year effect using sum to zero constraints. Using the sum to zero constraint, setting the year
variables to 0 allowed us to examine tick relative abundance at the mean level across all years.
Black-legged tick relative abundance was the total count of nymph or adult ticks collected at a
tick drag site per summer sampling season. We used Negative Binomial generalized linear
models as our response variable was count data, and the Negative Binomial distribution can
better capture dispersion in the dataset than the Poisson distribution. We limited collinearity
within our models by not including variables with a correlation greater than 0.50 or less than 0.50 within the same model (Dormann et al. 2013). Models were fit using Bayesian techniques
with Jags (Plummer 2003) in R (R Core Team 2013) with the package ‘jagsUI’ (Kellner and
Meredith 2021). For slope coefficient value priors, we used a diffuse Gaussian distribution
(mean = 0, variance = 1/0.0001). We used a uniform distribution (lower limit = 0, upper limit =
50) for our dispersion parameter.
We centered and scaled all non-categorical variables in the models. We ran three chains
for all models and thinned each chain to 1,000 iterations after burn-in. All our models
successfully converged (all Rhat values < 1.1). We used backwards model selection to create our
models. We choose backwards model selection as one of our primary goals was to predict tick
abundance surfaces. As our model variables were carefully chosen based on previous research
findings, backwards selection allowed us to eliminate variables that contributed less to the
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model, so that our predictions were based on simpler models. For backwards selection, we
removed the variable that resulted in the greatest decrease in DIC value, removing only one
variable at a time. We continued removing variables until our DIC value did not decrease any
further. We used posterior predictive checks with sum of squared Pearson’s residuals test statistic
for model validation, comparing our observed sum of squared Pearson’s residuals test statistics
to the distribution of values calculated by data simulated from the model (Kéry and Royle 2015).
Using this method, we tested the null hypothesis that the fitted model was the data-generating
model.
Habitat and Wildlife Models
Relative black-legged tick abundance was modeled for nymph and adult ticks utilizing
habitat structure data and wildlife diversity data as predictors. We created six models, including
three models predicting nymph tick relative abundance and three models predicting adult tick
relative abundance. For each life stage, we constructed a global model including habitat and
wildlife data, a habitat structure model, and a wildlife diversity model. For variables that were
correlated, we selected the variable that best predicted tick relative abundance individually
within a Negative Binomial generalized linear model fit using frequentist techniques with the
package ‘MASS’ (Ripley et al. 2013) in R (R Core Team 2013).
Within the habitat data, shrub habitat cover was correlated with midstory vegetation
cover and tree stem count, and it was the only land cover type that was correlated with any other
predictor variables. Shrub habitat type also had the opposite effect of midstory vegetation cover
and tree stem count on tick abundance. While this collinearity within our model may inflate our
variance estimates (Dormann et al. 2013), we believe it allowed us to better capture the variance
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within the model, and we preferred this to excluding multiple variables due to an interaction with
one of five levels in a categorical variable.
Leaf litter depth and basal area were not correlated (0.38) above our cutoff; all other
variable combinations of canopy cover, ground cover, leaf litter depth, and basal area were
correlated with one another. Tree stem count, coarse woody debris, snag basal area, and midstory
vegetation cover were not correlated with any other variables, and we included them and land
cover type in nymph and adult models. In the nymph tick relative abundance model, percent
canopy cover was the best single predictor of relative abundance for the correlated variables.
Therefore, our nymph tick relative abundance model for the habitat structure dataset before
backwards selection included year, land cover type, tree stem count, volume of coarse woody
debris, snag basal area, midstory vegetation cover, and percent canopy cover as predictor
variables. In the adult tick relative abundance model, leaf litter depth was the best single
predictor of relative abundance for the correlated variables. Leaf litter depth was not correlated
with tree basal area, so our adult tick relative abundance model for the habitat structure dataset
before backwards selection included year, land cover type, tree stem count, volume of course
woody debris, basal area, snag basal area, midstory vegetation cover, and leaf litter depth as
predictor variables.
Most variables within the wildlife diversity dataset were correlated. For both the nymph
and adult tick relative abundance models, small mammal species richness was the best predictor.
Predator species richness was the only variable not correlated to small mammal species richness,
so our wildlife diversity Negative Binomial generalized linear models for adult and nymph tick
relative abundance before backwards selection included year, small mammal species richness,
and predator species richness as predictor variables. While habitat data was collected in 2018,
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2019, and 2020, camera trap data was only collected in 2019 and 2020. We used a Bayesian
model with a Poisson distribution to impute small mammal and predator species richness in 2018
with a Gamma prior (shape = 0.01, rate = 1/0.01). Our global model for nymph tick relative
abundance before backwards selection included year, land cover type, tree stem count, volume of
coarse woody debris, snag basal area, midstory vegetation cover, percent canopy cover, small
mammal species richness, and predator species richness as predictor variables, while our adult
tick global model before backwards selection included year, land cover type, tree stem count,
volume of coarse woody debris, basal area, snag basal area, midstory vegetation cover, leaf litter
depth, small mammal species richness, and predator species richness as predictor variables. We
used the same techniques as our wildlife diversity model to impute missing small mammal and
predator species richness for 2018.
Geographically Referenced Models
Relative black-legged tick abundance was modeled for nymph and adult ticks utilizing
geographically referenced data (year, AWC, soil pH, land cover, forest edge distance, water
distance, and road distance) as predictors. No correlation greater than 0.40 or less than -0.40 was
identified among predictor variables. A quadratic function was used to model AWC, as nymphal
ticks are believed to be at their highest abundance at moderate soil moisture levels.
We applied the adult and nymph tick relative abundance models to the raster layers using
the Raster Calculator tool in ArcGIS (Redlands, CA, USA) to create tick abundance maps,
showing nymph and adult tick relative abundance across the Fort Drum Cantonment Area. We
set the year variables to 0, so that abundance maps predicted mean tick relative abundance across
2018, 2019, and 2020. For these maps, black areas of the predicted surfaces represent where tick
relative abundance could not be predicted, as they were land cover types that were not surveyed.
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These areas primarily consisted of roads, buildings, and water. As these models were built using
spatial data and used to predict a spatial surface, we tested model residuals for spatial
autocorrelation using Moran’s I in ArcGIS (Redlands, CA, USA). We found no spatial
autocorrelation in the nymph (Moran’s I = 0.02, p = 0.50) or adult model residuals (Moran’s I =
‑0.02, p = 0.88).
RESULTS
At our 37 tick drag sites, we collected 158 nymphs and 44 adult black-legged ticks in
2018, 916 nymphs and 212 adult black-legged ticks in 2019, and 176 nymphs and 189 adult
black-legged ticks in 2020 (Appendix 2). For our nymph and adult black-legged tick relative
abundance models, wildlife diversity predictor variables dropped out of the wildlife diversity and
the global habitat and wildlife models during backwards selection. This resulted in only a habitat
structure model of tick abundance from the wildlife and habitat datasets, as the wildlife model
only included year slope coefficients, and the global habitat and wildlife models included the
same variables as the habitat structure model. For nymph tick relative abundance, the
geographically referenced model was our top model (Table 1), while for adult tick relative
abundance, the habitat structure model was our top model. While the models were not competing
for either life stage (ΔDIC > 4), all models were within a ΔDIC of 6. All our models passed
model validation, as we failed to reject the null hypothesis that the fitted model was the datagenerating model (Table 1). Our two models for each life stage were created to accomplish
different objectives, so we evaluated trends in all models.
Habitat Structure Models
For the nymph tick relative abundance model, coarse woody debris was removed from
the model during backwards selection. We found the highest abundance in 2019 (Table 2, Figure
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4). We also found that nymph tick relative abundance was lowest in shrub habitat, but the 95%
credible intervals for the deciduous, coniferous, and mixed forest land cover type slope
coefficients overlapped zero, indicating there was no difference between forest land cover types
and grass land cover type that was absorbed by the intercept. Nymph tick relative abundance was
positively related to tree stem count, midstory vegetation cover, and canopy cover, and there was
no relationship between nymph tick relative abundance and snag basal area, as the 95% credible
intervals overlapped zero (Table 2, Figure 4).
For the adult tick relative abundance model, basal area and snag basal area were removed
from the model during backwards selection. We found that abundance was higher in 2019 and
2020 than in 2018 (Table 2, Figure 5). Adult tick relative abundance was lowest in shrub habitat,
but the 95% credible intervals for the deciduous, coniferous, and mixed forest land cover type
slope coefficients overlapped zero, indicating there was no difference between forest land cover
types and grass land cover type that was absorbed by the intercept. Our model showed a positive
relationship between adult tick relative abundance and both percent midstory vegetation cover
and leaf litter depth, and there was no relationship between adult tick relative abundance and tree
stem count or course woody debris (Table 2, Figure 5). Tree stem count, canopy cover, and leaf
litter depth were lowest in grass land cover, and leaf litter depth was highest in forested land
covers (Table 3).
Geographically Referenced Models
For the nymph tick relative abundance model, soil pH, road distance, and forest edge
distance were removed from the model during backwards selection. Nymph tick relative
abundance was highest in 2019 (Table 4, Figure 6). Nymph ticks also had higher relative
abundance in shrub, coniferous forest, deciduous forest, and mixed forest land cover types than
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in the grass land cover type, which was absorbed by the model intercept. Coniferous and mixed
forest land cover types had the highest mean slope coefficients, but there was a lot of overlap in
the 95% credible intervals for shrub and forest land cover types. Nymph relative abundance had
a negative relationship with distance to water, so nymph ticks were in higher abundance closer to
water. In our nymph model, the slope coefficient 95% credible intervals for AWC and AWC2
overlapped zero, showing no relationship between AWC and nymph tick relative abundance
(Table 4, Figure 6).
For the adult tick relative abundance model, soil pH, AWC, road distance, and forest
edge distance were removed from the model during backwards selection. For adult ticks, relative
abundance was highest in 2019 and 2020 (Table 4, Figure 7). Coniferous and mixed forest land
cover types had the highest mean slope coefficients. Coniferous and mixed forest land cover
types had higher adult tick relative abundance than the grass land cover type, and coniferous
forest land cover type had higher adult tick relative abundance than the shrub land cover type.
The slope coefficient 95% credible intervals overlapped for other land cover types, though. Adult
relative abundance had a negative relationship with distance to water, so adult ticks were in
higher abundance closer to water (Table 4, Figure 7).
In the predicted surfaces of tick relative abundance (Figure 1), nymph tick relative
abundance ranged from 0.1 to 37.8 expected ticks. Adult tick relative abundance ranged from 0.4
to 7.0 expected ticks.
DISCUSSION
We found that habitat structure had a stronger influence on black-legged tick relative
abundance than wildlife diversity on Fort Drum Military Installation. While previous research
has indicated that tick abundance should decrease as wildlife diversity increases (LoGiudice et
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al. 2003, Ostfeld 2011, Levi et al. 2012, Hofmeester et al. 2017), we found small mammal
diversity was highest in forest land cover types (Appendix 6) where tick abundance was highest.
Additional bloodmeal sources in forest cover types could contribute to higher tick abundance in
this habitat, but it was not an important enough factor for modeling to capture. Wildlife diversity
and abundance may have a stronger influence on tick relative abundance when evaluating these
factors across a larger spatial scale.
Our geographically referenced models showed greater differentiation in tick abundance
by land cover types than the habitat structure models, but that was because tree stem count,
canopy cover, leaf litter depth, and midstory vegetation cover, variables that had higher values in
forest or shrub cover types, captured some of this variance in the habitat structure model. Other
studies (Lubelczyk et al. 2004, Johnson et al. 2016, Fino 2017) have shown that forest land cover
types have the highest tick relative abundance, and these models showed that same trend when
the habitat structure model was evaluated as a whole. There is more to the habitat structure
model, though, as tree stem count, midstory vegetation cover, canopy cover, and leaf litter depth
can provide multiple benefits to black-legged ticks.
One of the primary benefits of these habitat variables is refugia habitat. Ticks are
susceptible to adverse weather conditions that can cause desiccation (Brownstein et al. 2003),
such as prolonged periods of low humidity (Needham and Teel 1991). Leaf litter increases
retention of ground moisture (Park et al. 1998), and vegetation provides additional moisture and
humidity through transpiration (Campbell and Reece 2005). Ticks were probably in higher
abundance closer to water for the same reason, as areas closer to water would likely have higher
soil moisture, and while the ability of soil to hold water was not significant in our nymph
geographically referenced model, it was important enough to not be removed during backwards
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selection. Additionally, vegetative cover blocks sunlight, helping keep temperatures cooler
during the summer months (Taha et al. 1991). Ticks are also susceptible to freezing (Brownstein
et al. 2003), and leaf litter provides cover that ticks can take refuge under to provide insulation
against extreme weather conditions (MacKinney 1929). While there was overlap in our 95%
credible intervals, the mean slope of coniferous and mixed forest land cover types was highest
for nymph and adult ticks, which may indicate these habitat types were important for ticks.
Coniferous leaf litter decomposes slowly, and conifer foliage is more resistant to stress (Gosz
1981), making leaf litter and canopy cover more consistent within coniferous and mixed stands
than deciduous stands.
Midstory vegetation cover can provide additional feeding opportunities for ticks as well.
With little midstory vegetation, potential bloodmeals for ticks are primarily restricted to small
mammals and ground-dwelling birds that come in contact with leaf litter and short vegetation,
but with more midstory vegetation, ticks can quest higher, allowing them access to a wider
variety of wildlife species, including larger wildlife species. This may be particularly beneficial
to adult ticks, which tend to feed on larger animals (Keirans et al. 1996).
We were also able to predict surfaces of nymph and adult tick relative abundance using
readily available geographically referenced data. The range of predicted values for nymph and
adult tick relative abundance when predicting across the Fort Drum Cantonment Area fell within
the range of data we saw during tick drag surveys (Appendix 2). Our models of relative
abundance using field data and geographically referenced data were comparable as well, with
ΔDIC values within 6 for both life stages. This indicates that researchers can predict tick
abundance accurately at a fine spatial scale without personally collecting habitat data in the field.

35

LITERATURE CITED
Adalsteinsson, S. A., V. D’Amico, W. G. Shriver, D. Brisson, and J. J. Buler. 2016. Scaledependent effects of nonnative plant invasion on host-seeking tick abundance. Ecosphere
7:e01317.
Brownstein, J. S., T. R. Holford, and D. Fish. 2003. A climate-based model predicts the spatial
distribution of the Lyme disease vector Ixodes scapularis in the United States.
Environmental Health Perspectives 111:1152–1157.
Burgdorfer, W., A. G. Barbour, S. F. Hayes, J. L. Benach, E. Grunwaldt, and J. P. Davis. 1982.
Lyme disease - A tick-borne spirochetosis? Science 216:1317–1319.
Campbell, N. A., and J. B. Reece. 2005. Biology. 7th. Ed Pearson Benjamin Cummings. Cape
Town.
Centers for Disease Control and Prevention. 2021. Regions where ticks live.
<https://www.cdc.gov/ticks/geographic_distribution.html>. Accessed 8 Mar 2022.
Diuk-Wasser, M. A., A. G. Hoen, P. Cislo, R. Brinkerhoff, S. A. Hamer, M. Rowland, R.
Cortinas, G. Vourc’h, F. Melton, G. J. Hickling, and others. 2012. Human risk of infection
with Borrelia burgdorferi, the Lyme disease agent, in eastern United States. The American
Journal of Tropical Medicine and Hygiene 86:320–327.
Diuk-Wasser, M. A., G. Vourc, P. Cislo, A. Gatewood Hoen, F. Melton, S. A. Hamer, M.
Rowland, R. Cortinas, G. J. Hickling, J. I. Tsao, A. G. Barbour, U. Kitron, J. Piesman, and
D. Fish. 2010. Field and climate-based model for predicting the density of host-seeking
nymphal Ixodes scapularis, an important vector of tick-borne disease agents in the eastern
United States. Global Ecology and Biogeography 19:504–514.
Dormann, C. F., J. Elith, S. Bacher, C. Buchmann, G. Carl, G. Carré, J. R. G. Marquéz, B.

36

Gruber, B. Lafourcade, P. J. Leitão, and others. 2013. Collinearity: A review of methods to
deal with it and a simulation study evaluating their performance. Ecography 36:27–46.
Elias, S. P., C. B. Lubelczyk, P. W. Rand, E. H. Lacombe, M. S. Holman, and R. P. Smith Jr.
2006. Deer browse resistant exotic-invasive understory: An indicator of elevated human risk
of exposure to Ixodes scapularis (Acari: Ixodidae) in southern coastal Maine woodlands.
Journal of Medical Entomology 43:1142–1152.
Fino, S. R. 2017. Black-legged tick distributions, small mammal abundances, mast production,
and vegetative influences on Lyme disease apparent prevalence on Fort Drum Military
Installation, New York. West Virginia University.
Gabriele-Rivet, V., J. K. Koffi, Y. Pelcat, J. Arsenault, A. Cheng, L. R. Lindsay, T. J. Lysyk, K.
Rochon, and N. H. Ogden. 2017. A risk model for the Lyme disease vector Ixodes
scapularis (Acari: Ixodidae) in the prairie provinces of Canada. Journal of Medical
Entomology 54:862–868.
Ginsberg, H. S., E. L. Rulison, J. L. Miller, G. Pang, I. M. Arsnoe, G. J. Hickling, N. H. Ogden,
R. A. LeBrun, and J. I. Tsao. 2020. Local abundance of Ixodes scapularis in forests: Effects
of environmental moisture, vegetation characteristics, and host abundance. Ticks and Tickborne Diseases 11:101271.
Gosz, J. R. 1981. Nitrogen cycling in coniferous ecosystems. Ecological Bulletins 33:405–426.
Guerra, M., E. Walker, C. Jones, S. Paskewitz, M. R. Cortinas, A. Stancil, L. Beck, M. Bobo,
and U. Kitron. 2002. Predicting the risk of Lyme disease: Habitat suitability for Ixodes
scapularis in the North Central United States. Emerging Infectious Diseases 8:289–297.
Hahn, M. B., C. S. Jarnevich, A. J. Monaghan, and R. J. Eisen. 2016. Modeling the geographic
distribution of Ixodes scapularis and Ixodes pacificus (Acari: Ixodidae) in the contiguous

37

United States. Journal of Medical Entomology 53:1176–1191.
Hofmeester, T. R., P. A. Jansen, H. J. Wijnen, E. C. Coipan, M. Fonville, H. H. T. Prins, H.
Sprong, and S. E. van Wieren. 2017. Cascading effects of predator activity on tick-borne
disease risk. Proceedings of the Royal Society B: Biological Sciences 284:20170453.
Horobik, V., F. Keesing, and R. S. Ostfeld. 2006. Abundance and Borrelia burgdorferi-infection
prevalence of nymphal Ixodes scapularis ticks along forest-field edges. EcoHealth 3:262–
268.
Johnson, R. C., G. P. Schmid, F. W. Hyde, A. G. Steigerwalt, and D. J. Brenner. 1984. Borrelia
burgdorferi sp. nov.: Etiologic agent of Lyme disease. International Journal of Systematic
and Evolutionary Microbiology 34:496–497.
Johnson, T. L., J. K. H. Bjork, D. F. Neitzel, F. M. Dorr, E. K. Schiffman, and R. J. Eisen. 2016.
Habitat suitability model for the distribution of Ixodes scapularis (Acari: Ixodidae) in
Minnesota. Journal of Medical Entomology 53:598–606.
Keesing, F., J. Brunner, S. Duerr, M. Killilea, K. LoGiudice, K. Schmidt, H. Vuong, and R. S.
Ostfeld. 2009. Hosts as ecological traps for the vector of Lyme disease. Proceedings of the
Royal Society of London B: Biological Sciences 276:3911–3919.
Keirans, J. E., H. J. Hutcheson, L. A. Durden, and J. S. H. Klompen. 1996. Ixodes (Ixodes)
scapularis (Acari: Ixodidae): Redescription of all active stages, distribution, hosts,
geographical variation, and medical and veterinary importance. Journal of Medical
Entomology 33:297–318.
Kellner, K., and M. Meredith. 2021. Package ‘jagsUI.’ CRAN Repository.
Kéry, M., and J. A. Royle. 2015. Applied hierarchical modeling in ecology: Analysis of
distribution, abundance and species richness in R and BUGS: Volume 1: Prelude and static

38

models. Academic Press.
Leighton, P. A., J. K. Koffi, Y. Pelcat, L. R. Lindsay, and N. H. Ogden. 2012. Predicting the
speed of tick invasion: an empirical model of range expansion for the Lyme disease vector
Ixodes scapularis in Canada. Journal of Applied Ecology 49:457–464.
Levi, T., A. M. Kilpatrick, M. Mangel, and C. C. Wilmers. 2012. Deer, predators, and the
emergence of Lyme disease. Proceedings of the National Academy of Sciences 109:10942–
10947.
LoGiudice, K., R. S. Ostfeld, K. A. Schmidt, and F. Keesing. 2003. The ecology of infectious
disease: Effects of host diversity and community composition on Lyme disease risk.
Proceedings of the National Academy of Sciences 100:567–571.
Lubelczyk, C. B., S. P. Elias, P. W. Rand, M. S. Holman, E. H. Lacombe, and R. P. Smith Jr.
2004. Habitat associations of Ixodes scapularis (Acari: Ixodidae) in Maine. Environmental
Entomology 33:900–906.
MacKinney, A. L. 1929. Effects of forest litter on soil temperature and soil freezing in autumn
and winter. Ecology 10:312–321.
McGarigal, K., S. Cushman, and E. Ene. 2012. FRAGSTATS v4: Spatial pattern analysis
program for categorical and continuous maps.
<http://www.umass.edu/landeco/research/fragstats/fragstats.html>. Accessed 3 Dec 2020.
Meek, P. D., G. Ballard, A. Claridge, R. Kays, K. Moseby, T. O’brien, A. O’connell, J.
Sanderson, D. E. Swann, M. Tobler, and S. Townsend. 2014. Recommended guiding
principles for reporting on camera trapping research. Biodiversity and conservation
23:2321–2343.
National Oceanic and Atmospheric Administration. n.d. Data Tools: 1981-2010 Normals.

39

<https://www.ncdc.noaa.gov/cdo-web/datatools/normals>. Accessed 21 Mar 2019.
Needham, G. R., and P. D. Teel. 1991. Off-host physiological ecology of ixodid ticks. Annual
Review of Entomology 36:659–681.
Neina, D. 2019. The role of soil pH in plant nutrition and soil remediation. Applied and
Environmental Soil Science 2019:5794869.
Nudds, T. D. 1977. Quantifying the vegetative structure of wildlife cover. Wildlife Society
Bulletin 5:113–117.
Ogden, N. H., A. Maarouf, I. K. Barker, M. Bigras-Poulin, L. R. Lindsay, M. G. Morshed, C. J.
O’Callaghan, F. Ramay, D. Waltner-Toews, and D. F. Charron. 2006. Climate change and
the potential for range expansion of the Lyme disease vector Ixodes scapularis in Canada.
International Journal for Parasitology 36:63–70.
Oksanen, J., F. G. Blanchet, R. Kindt, P. Legendre, P. R. Minchin, R. B. O’hara, G. L. Simpson,
P. Solymos, M. H. H. Stevens, H. Wagner, and others. 2013. Package ‘vegan.’ CRAN
Repository.
Ostfeld, R. 2011. Lyme disease: The ecology of a complex system. OUP USA.
Ostfeld, R. S., K. R. Hazler, and O. M. Cepeda. 1996. Temporal and spatial dynamics of Ixodes
scapularis (Acari: Ixodidae) in a rural landscape. Journal of Medical Entomology 33:90–95.
Park, H.-T., S. Hattori, and T. Tanaka. 1998. Development of a numerical model for evaluating
the effect of litter layer on evaporation. Journal of Forest Research 3:25–33.
Peet, R. K. 1975. Relative diversity indices. Ecology 56:496–498.
Plummer, M. 2003. JAGS: A program for analysis of Bayesian graphical models using Gibbs
sampling. Pages 1–10 in. Proceedings of the 3rd international workshop on distributed
statistical computing. Volume 124.

40

R Core Team. 2013. R: A language and environment for statistical computing. Vienna, Austria.
Ripley, B., B. Venables, D. M. Bates, K. Hornik, A. Gebhardt, D. Firth, and M. B. Ripley. 2013.
Package ‘MASS.’ CRAN Repository.
Soil Survey Staff, N. R. C. S. 2017. Web Soil Survey.
<https://websoilsurvey.sc.egov.usda.gov/App/Help/Citation.htm>. Accessed 5 Nov 2018.
Soucy, J. P. R., A. M. Slatculescu, C. Nyiraneza, N. H. Ogden, P. A. Leighton, J. T. Kerr, and M.
A. Kulkarni. 2018. High-resolution ecological niche modeling of Ixodes scapularis ticks
based on passive surveillance data at the northern frontier of Lyme disease emergence in
North America. Vector-Borne and Zoonotic Diseases 18:235–242.
Steere, A. C., R. L. Grodzicki, A. N. Kornblatt, J. E. Craft, A. G. Barbour, W. Burgdorfer, G. P.
Schmid, E. Johnson, and S. E. Malawista. 1983. The spirochetal etiology of Lyme disease.
New England Journal of Medicine 308:733–740.
Swart, A., A. Ibañez-Justicia, J. Buijs, S. E. van Wieren, T. R. Hofmeester, H. Sprong, and K.
Takumi. 2014. Predicting tick presence by environmental risk mapping. Frontiers in Public
Health 2:238.
Taha, H., H. Akbari, and A. Rosenfeld. 1991. Heat island and oasis effects of vegetative
canopies: Micro-meteorological field-measurements. Theoretical and Applied Climatology
44:123–138.
Talbot, B., A. Slatculescu, C. R. Thickstun, J. K. Koffi, P. A. Leighton, R. McKay, and M. A.
Kulkarni. 2019. Landscape determinants of density of blacklegged ticks, vectors of Lyme
disease, at the northern edge of their distribution in Canada. Scientific Reports 9:16652.
US Army. 2018. Integrated natural resources management plan. Natural Resources Branch,
Environmental Division, Directorate of Public Works, US Army Garrison Fort Drum, New

41

York 316 pp.
Van Gestel, M., K. Verheyen, E. Matthysen, and D. Heylen. 2021. Danger on the track? Tick
densities near recreation infrastructures in forests. Urban Forestry & Urban Greening
59:126994.
Znidersic, E. 2017. Camera traps are an effective tool for monitoring Lewin’s Rail (Lewinia
pectoralis brachipus). Waterbirds 40:417–422.

42

Table 1. DIC and ΔDIC of Bayesian Negative Binomial generalized linear models predicting
nymph and adult black-legged tick relative abundance using habitat and geographically
referenced data at Fort Drum Military Installation, New York. Iterations is the number of MCMC
iterations used after burn-in, and the p-value is for model validation using posterior predictive
checks comparing our observed sum of squared Pearson’s residuals test statistics to the
distribution of values calculated by data simulated from the model.
Life stage
Nymph

Model
Geographically Referenced
Habitat Structure

Burn-in
10000
25000

Iterations
20000
50000

DIC
626.57
630.99

ΔDIC
0
4.42

p-value
0.29
0.28

Adult

Habitat Structure
Geographically Referenced

10000
2000

20000
4000

502.61
508.23

0
5.62

0.47
0.40

43

Table 2. Bayesian Negative Binomial generalized linear models predicting nymph and adult
black-legged tick relative abundance using habitat data at Fort Drum Military Installation, New
York, with slope coefficients, standard deviation (SD), and 95% credible intervals (95% C.I.).
Grass land cover type was absorbed into the model intercept, year was modeled using sum to
zero constraints, and r is the dispersion parameter.

Variable
r
Intercept
Year 1
Year 2
Shrub
Deciduous
Coniferous
Mixed
Tree stem count
Midstory vegetation
Canopy cover
Snag basal area
Leaf litter depth
Course woody debris

Mean
1.42
1.86
-0.52
1.21
-4.18
-0.54
0.66
-0.15
0.75
0.31
0.82
0.23

Nymph
SD
0.28
0.65
0.16
0.14
1.16
0.87
0.81
0.87
0.26
0.16
0.38
0.14

95% C.I.
0.96, 2.00
0.55, 3.26
-0.83, -0.21
0.93, 1.49
-6.60, -1.77
-2.43, 1.15
-1.01, 2.22
-1.94, 1.63
0.24, 1.26
0.01, 0.62
0.06, 1.58
-0.05, 0.51
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Mean
1.40
1.38
-1.14
0.67
-2.75
-1.18
0.45
-0.25
0.41
0.39

Adult
SD
0.31
0.44
0.18
0.15
1.11
0.67
0.45
0.61
0.26
0.17

95% C.I.
0.88, 2.06
0.58, 2.26
-1.51, -0.79
0.37, 0.96
-4.93, -0.59
-2.53, 0.04
-0.45, 1.28
-1.49, 0.87
-0.10, 0.92
0.05, 0.72

0.57
0.25

0.17
0.15

0.25, 0.91
-0.03, 0.55

Table 3. Summary metrics for habitat structure characteristics found to influence black-legged
tick relative abundance at Fort Drum Military Installation, New York, with mean value plus or
minus the standard deviation per each land cover type.
Land cover
Grass
Shrub
Deciduous
Coniferous
Mixed

Tree count
(stems/ha)
270.00 ± 343.38
4566.67 ± 1587.65
1750.00 ± 629.15
920.00 ± 229.66
1545.00 ± 685.96

Midstory cover
(%)
36.22 ± 14.98
72.01 ± 10.25
19.30 ± 11.99
22.46 ± 13.61
23.70 ± 11.13
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Canopy cover
(%)
18.48 ± 20.69
83.68 ± 11.23
92.31 ± 4.83
86.72 ± 8.56
89.53 ± 4.73

Leaf litter depth
(cm)
0.27 ± 0.61
0.62 ± 0.66
2.53 ± 0.90
2.23 ± 1.01
3.00 ± 1.12

Table 4. Bayesian Negative Binomial generalized linear models predicting nymph and adult
black-legged tick relative abundance using geographically referenced data at Fort Drum Military
Installation, New York, with slope coefficients, standard deviation (SD), and 95% credible
intervals (95% C.I.). Grass land cover type was absorbed into the model intercept, year was
modeled using sum to zero constraints, and r is the dispersion parameter.

Variable
r
Intercept
Year 1
Year 2
Shrub
Deciduous
Coniferous
Mixed
Water Distance
Soil AWC

Mean
1.51
-0.28
-0.55
1.20
1.53
2.52
2.95
2.77
-0.50
-0.27

Nymph
SD
0.30
0.31
0.14
0.13
0.50
0.35
0.33
0.43
0.11
0.13

Soil AWC2

-0.22

0.15

95% C.I.
1.01, 2.17
-0.85, 0.33
-0.82, -0.27
0.94, 1.45
0.59, 2.50
1.83, 3.23
2.31, 3.62
1.94, 3.61
-0.71, -0.28
-0.52, 0.01
-0.51, 0.09

46

Mean
1.19
0.43
-1.07
0.57
-0.38
0.52
1.19
1.05
-0.28

Adult
SD
0.25
0.24
0.17
0.15
0.50
0.34
0.29
0.35
0.12

95% C.I.
0.77, 1.78
-0.04, 0.91
-1.39, -0.74
0.29, 0.87
-1.42, 0.54
-0.17, 1.18
0.64, 1.75
0.45, 1.83
-0.51, -0.04

Figure 1. The top left panel shows the location of tick drag transects on the Fort Drum Military
Installation Cantonment Area in New York. The top right panel shows the location of Fort Drum
in northern New York. The bottom left panel shows the predicted tick relative abundance of the
nymph life stage ranging from 0.1 to 37.8 expected ticks. The bottom right panel shows the
predicted tick relative abundance of the adult life stage ranging from 0.4 to 7.0 expected ticks.
The black area of the bottom two panels are locations where tick relative abundance cannot be
predicted. These areas are primarily buildings, roads, and water.
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Figure 2. Habitat sampling plot used at Fort Drum Military Installation, New York. Within the
orange area (0.02 ha), snags and coarse woody debris were measured, within the orange and blue
area combined (0.1 ha), tree species were identified and diameter at breast height of trees was
measured, and within the green square (1 m2), percent ground cover and leaf litter depth were
measured. Canopy cover was measured at the location of the green squares and at the center of
the orange area, and midstory vegetation cover was estimated from the green square by placing a
cover board an additional 10 m away from the plot. Each green box was 10 m from the plot, and
the darker green box on the solid line was the primary sampling location. For each corner, the
lighter green box on the dashed line was substituted only if the dark green box was within a
different cover type. Transect 1 and 3 of the tick drags made up the 50-m long sides of the blue
and yellow rectangle, where transect 2 was directly in between transect 1 and 3.
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Figure 3. Camera trap arrangement used to monitor small mammals (primarily the downward
facing camera over bird seed) and moderate to large mammals (primarily the outward facing
camera pointed at a scent lure) at Fort Drum Military Installation, New York.
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Figure 4. Relationship with 95% credible intervals between the expected nymph black-legged
tick relative abundance as represented by tick count and predictor variables as estimated from a
Bayesian Negative Binomial generalized linear model at Fort Drum Military Installation, New
York. Decid is deciduous forest, Con is coniferous forest, and Mixed is mixed forest.
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Figure 5. Relationship with 95% credible intervals between the expected adult black-legged tick
relative abundance as represented by tick count and predictor variables as estimated from a
Bayesian Negative Binomial generalized linear model at Fort Drum Military Installation, New
York. Decid is deciduous forest, Con is coniferous forest, and Mixed is mixed forest.
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Figure 6. Relationship with 95% credible intervals between the expected nymph black-legged
tick relative abundance as represented by tick count and predictor variables as estimated from a
Bayesian Negative Binomial generalized linear model at Fort Drum Military Installation, New
York. Decid is deciduous forest, Con is coniferous forest, and Mixed is mixed forest.
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Figure 7. Relationship with 95% credible intervals between the expected adult black-legged tick
relative abundance as represented by tick count and predictor variables as estimated from a
Bayesian Negative Binomial generalized linear model at Fort Drum Military Installation, New
York. Decid is deciduous forest, Con is coniferous forest, and Mixed is mixed forest.
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Chapter 3: Influence of Mast Abundance in Forest Land Cover on
Nymph Black-Legged Tick Relative Abundance at
Fort Drum Military Installation, New York
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ABSTRACT
Hard and soft mast availability have been found to impact forest ecosystems, and mast
abundance influences future trends in small mammal populations. Previous research has shown
the effect mast abundance has on small mammal abundance also influences tick abundance, with
a two-year lag from high mast abundance to high tick abundance. To explore this relationship
across forest land cover types on Fort Drum Military Installation in northern New York, we
collected soft and hard mast in coniferous forest, deciduous forest, and mixed forest land cover
types during 2016, 2017, and 2018. We also completed tick drag surveys at 26 sites across the
forest land cover types in 2018, 2019, and 2020. We created two models for nymph tick relative
abundance using mast abundance from two years prior as a predictor variable with Negative
Binomial generalized linear models. One model included mast from the same land cover type as
the tick drag and land cover type as predictor variables with an interaction between these
variables, and the other model included oak mast abundance and land cover type as predictor
variables. We found that our oak mast model was our top model, and oak mast was positively
related to nymph tick relative abundance. Nymph tick relative abundance was synchronous on
Fort Drum Military Installation, with oak and non-oak habitat having similar abundance of ticks
within a year. Based on our results, we recommend focusing on oak mast when predicting future
nymph tick abundance.
Keywords: Ixodes scapularis, mast, abundance
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INTRODUCTION
Hard and soft mast have broad impacts throughout forest food webs (Yahner 2000). Hard
mast, such as hickory (Carya sp.) and oak (Quercus sp.) mast, is connected to fluctuations in
wildlife populations (Edwards 1993, McShea 2000). Oak is one of the most important mast
producing species in the eastern United States (McShea et al. 2007). Oak mast is influenced by
insect infestation, one common example being weevils (Curculio sp.), and environmental
conditions, such as drought and temperature, but mast production is also related to prior
reproductive events, with various oak species having different cycles of low and high mast
production (Sork et al. 1993, Bogdziewicz et al. 2018). Soft mast, such as cherry (Prunus sp.)
and grape (Vitis sp.) mast, is an extensive part of wildlife diets as well, with species such as
black bears (Ursus americanus) and coyotes (Canis latrans) feeding heavily on soft mast,
especially when other food sources are not available (Clapp 1990, Swingen et al. 2015). Inman
and Pelton (2002) evaluated mast food sources in the Great Smoky Mountain National Park in
the eastern United States and found that hard mast produces approximately 75% of the calories
available in the study area, while soft mast produces the other 25%.
The relationship between mast and small mammals has been particularly well studied.
White-footed mice (Peromyscus leucopus) population trends are related to mast abundance, with
high mouse abundance occurring in the year following high mast abundance (Wolff 1996,
Ostfeld et al. 2001, Elias et al. 2004). Mast has been found to influence other small mammals,
with documented influences on gray squirrel (Sciurus carolinensis) and eastern chipmunk
(Tamias striatus) populations (McShea 2000). In gray squirrels and chipmunks, large population
sizes are found the year after a large mast event as well (Gorman and Roth 1989, Wolff 1996,
McShea 2000). Juvenile, yearling, and female gray squirrels are more impacted than adult males
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by low mast conditions (Gorman and Roth 1989, McShea 2000), and eastern chipmunk home
range size is related to availability of mast resources (Lacher Jr and Mares 1996). Both eastern
chipmunks and eastern gray squirrels hoard mast during high availability to consume when
resources are scarce (Goheen and Swihart 2003, Munro et al. 2008).
As mast influences small mammal populations, small mammal populations influence
black-legged ticks (Ixodes scapularis). Bloodmeal sources are vital to the black-legged tick life
cycle, with ticks requiring bloodmeals to molt between life stages and reproduce (Wisconsin
Ticks and Tick-borne Diseases 2018). White-footed mice and eastern chipmunks are two of the
most important bloodmeal sources for black-legged ticks (Ostfeld 2011). Ticks are more likely to
successfully complete bloodmeals on white-footed mice and chipmunks than other bloodmeal
sources such as Virginia opossum (Didelphis virginiana, Keesing et al. 2009). In addition to
providing bloodmeals to ticks, white-footed mice and eastern chipmunks are highly competent
reservoirs of Lyme disease (Mather et al. 1989), caused by the spirochete bacterium Borrelia
burgdorferi (Burgdorfer et al. 1982, Steere et al. 1983, Johnson et al. 1984). Due to the disease
dynamics associated with ticks, understanding influences on variation in tick abundance is
important for public health.
Temporal changes in tick abundance are associated with mast dynamics. A larval tick
increase within Dutchess County, New York, in 1992 was believed to be due to a substantial oak
mast the previous year (Ostfeld et al. 1995). Ostfeld et al. (2001) identified an increase in oak
mast leading to an increase in mouse abundance the following year, which resulted in more
larval ticks feeding on these mice and increasing the number of nymphs infected with B.
burgdorferi the following year. Ostfeld et al. (2006, 2018) found acorn abundance two years
prior, along with eastern chipmunk and mouse abundance the previous year, as the best
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predictors of tick abundance. Similar relationships between European beech (Fagus sylvatica)
and Norway spruce (Picea abies) mast and tick abundance have been identified in European
ticks as well (Bregnard et al. 2020).
Our objective was to evaluate the relationship between mast abundance and the
abundance of nymph black-legged ticks two years later, incorporating field collected mast data
from multiple forest land cover types. To accomplish this, we used mast data and estimated tick
relative abundance from Fort Drum Military Installation in New York, and these data sets were
analyzed using Negative Binomial models. The two-year lag is due to energy being moved from
mast to small mammals in year one, and then moving from small mammals to ticks in year two.
While this relationship has been connected to fluctuations in white-footed mouse and eastern
chipmunk populations (Ostfeld et al. 2001, 2006, 2018), eastern chipmunks and eastern gray
squirrels make up the majority of tick bloodmeals on Fort Drum (Chapter 5). Gray squirrel
populations have been found to fluctuate with mast abundance as well (Gorman and Roth 1989,
McShea 2000), so we expect this relationship to still apply.
Previous research has shown the positive relationship between tick abundance and mast
from acorns, European beech, and Norway spruce using this time lag (Ostfeld et al. 2001, 2006,
2018, Bregnard et al. 2020), and we expected to find a similar positive trend when evaluating
mast influence on tick abundance with a more comprehensive evaluation of mast abundance
trends from data collected at Fort Drum. We tested this against an alternative explanation that
nymph black-legged tick trends are synchronous across land cover types, with trends in non-oak
habitat following trends in oak habitat (Borgmann-Winter et al. 2021). Borgmann-Winter et al.
(2021) hypothesized this trend may be driven by acorn production, so we created an alternative
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black-legged tick abundance model using oak mast as the predictor variable, rather than mast
from all land cover types.
STUDY AREA
Fort Drum Military Installation is located in northern New York, between the Adirondack
Mountains and Lake Ontario. Fort Drum is home to the US Army’s 10th Mountain Division
(Light Infantry), with approximately 15,000 active duty military personnel on base (US Army
2018), with the Cantonment Area making up approximately 3,237 hectares of this (US Army
2018), and the remainder being the training area. Within the Cantonment Area, 21% of the land
cover is developed, 21% is deciduous forest, 5% is coniferous forest, 10% is mixed forest, 8% is
shrubland, and 33% is grassland. Within the developed land class, there are residences, barracks,
administrative offices, and support facilities, which are interspersed with the other land classes.
On Fort Drum, mixed forest habitat is the oak habitat. Overstory trees in this cover type
are primarily eastern hemlock (Tsuga canadensis), eastern white pine (Pinus strobus), white oak
(Quercus alba), northern red oak (Quercus rubra), and red maple (Acer rubrum). In coniferous
forest, the overstory trees are primarily eastern hemlock, eastern white pine, black cherry
(Prunus serotina), white ash (Fraxinus americana), and red maple. In deciduous forest, the
overstory trees are primarily bitternut hickory (Carya cordiformis), American basswood (Tilia
americana), eastern hophornbeam (Ostrya virginiana), American beech (Fagus grandifolia), and
sugar maple (Acer saccharum). Mast in deciduous forest is primarily maple (Acer sp.) and
hickory, mast in coniferous forest is primarily maple and ash (Fraxinus sp.), and mast in mixed
forest is primarily oak.
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METHODS
Tick Sampling and Drag Site Classification
We conducted tick drag surveys from mid-May through mid-August in 2018, 2019, and
2020. Twenty-six tick drag sites were used in the Cantonment Area in 2018, 2019, and 2020
(Figure 1). Nine of these sites were from sampling conducted previously, and these sites were
placed in specific cover types (Fino 2017). We placed an additional 17 sampling sites randomly
(simple random) using ArcGIS (Redlands, CA, USA), with survey sites at least 300m apart. All
sites were within coniferous forest, deciduous forest, or mixed forest land cover types. We
decided to focus on forested sites as they had the highest tick abundance on Fort Drum (Chapter
2).
We measured woody vegetation greater than 2.54-cm diameter at breast height at all tick
drag sites within a 0.1-hectare plot. Based on these plots, we estimated the percentage of
coniferous species found at each tick drag site. For our land cover classification, deciduous forest
sites had 0% to 10% coniferous species composition, mixed forest sites had over 10% to 40%
coniferous species composition, and coniferous forest sites had over 40% to 100% coniferous
species composition (Chapter 2). This resulted in 11 deciduous forest tick drag sites, 11
coniferous forest tick drag sites, and four mixed forest tick drag sites.
We used a 1-m2 corduroy cloth drag to collect questing black-legged ticks that contacted
the drag (Appendix 1). We pulled the tick drag on the ground for 50-m transects. At each drag
location, three parallel transect drags were conducted 10-m apart, totaling 150m per drag site.
Directional azimuths for conducting tick drags were determined randomly and kept consistent
through all years of sampling. This helped reduce bias in different sampling locations, while
helping with consistency within site from year to year. Drags were conducted every two weeks
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over a 12-week period, resulting in six drag iterations for each site. We assumed that drags
occurring two weeks apart were independent in terms of ticks collected, as ticks were only
removed from a 1-m width of transect and there were two weeks of tick movement and
emergence between samplings, but drags were not independent in the sense that sampling was
being repeated at the same location. As larval ticks can be difficult to collect and accurately
count, and previous research has modeled the relationship between nymph tick count and mast
abundance (Ostfeld et al. 2001), we used the count of nymph black-legged ticks collected at a
site per a year as our index of relative abundance. As we used a single count metric totaling all
nymph ticks per site across the six drag iterations, we did not need to account for temporal
variance in tick abundance within a single year.
Mast Collection and Processing
We collected mast in 2016, 2017, and 2018 at Fort Drum Military Installation. Mast
collection started in mid-May and continued until the end of October. On Fort Drum, there were
three mast sampling grids used, with one each in the coniferous forest, the deciduous forest, and
the mixed forest land cover types (Figure 1). We sampled mast at the same locations each year to
limit the impact of spatial variation in mast on differences in mast abundance within this study.
There were 39 mast stations per sampling grid, with 20-m spacing between mast stations. Mast
stations (Figure 2) were composed of four buckets (28.9 cm diameter) mounted around a 1.8-m
tall metal channel post. We collected samples from the mast stations and collected mast from 1m2 ground-plot quadrats bi-weekly. We placed ground-plots 6.1 m away from the mast station;
we rotated this location around the mast station by 30° for each subsequent sample collection,
with the starting azimuth being determined randomly. We excluded mast from ground-plots that
was overmature to be consistent with previously established sampling methods and help ensure
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samples we collected were from the same sampling season rather than from prior years.
Overmature mast was primarily acorns that were soft to the touch, but other mast that was visibly
rotten was excluded also. Mast was collected from vegetation within the ground-plots if it was
mature and at the same height or lower than the mast station. Pinaceae seeds were also excluded
from our analysis. We had difficulty consistently collecting the seeds because of their small size,
leading to variation in sampling, and seeds were removed from some pinecones in the field, so
we were not able to use pinecones as an index of Pinaceae seed abundance. The primary
Pinaceae seeds within our mast plot on Fort Drum were from eastern hemlock, which have little
mass. These seeds should have little influence on the total mass collected, and we preferred the
bias from excluding these seeds over any bias that may result from difficulty consistently
collecting and measuring the seeds. We identified mast by species and dried mast for 72 hours at
100℃. After drying, we measured mast from each mast station and ground plot to the nearest
0.0001g. Mast was totaled by land cover type per year.
Data Analysis
We created two Negative Binomial model of nymph black-legged tick relative abundance
using the package MASS (Ripley et al. 2013) within R (R Core Team 2013). Our first model
predicted the count of nymphs collected at a site per year with mast abundance within the same
land cover type as the tick drag site and land cover type as predictor variables. We included an
interaction between mast and land cover type in our model, as mast species present in the various
land cover types were not consistent. An interaction allowed us to better capture this variation
and allowed trends to vary among land cover types. For our second model, we predicted the
count of nymphs collected at a site per year with land cover type and oak mast as our predictor
variables. For oak mast, every site had the same value within the same year. As we were making
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predictions based only on oak mast, and there was no variance in mast species within the model,
we did not include an interaction between mast and land cover in the second model. We
incorporated a two-year time lag into our models, with mast abundance predicting nymph tick
relative abundance two years later. We only tested this time lag as it has been well documented
in the literature (Ostfeld 2001, 2006, 2018, Bregnard et al. 2020), and we had a limited dataset
that restricted our ability to test other time lags. We also centered and scaled mast in both
models. We used AICc model selection to choose our best model, and we used 1,000 parametric
bootstraps of our sum of squared Pearson’s residuals test statistic for model validation of the top
model (Kéry and Royle 2015). Using this method, we tested the null hypothesis that the fitted
model is the data-generating model, by comparing our observed sum of squared Pearson’s
residuals test statistics to the distribution of values calculated through bootstrapping. We used the
top model to predict nymph tick relative abundance from the minimum amount of mast collected
to the maximum amount of mast collected.
RESULTS
At our 26 tick drag sites, we collected 147 nymph black-legged ticks in summer 2018,
864 nymph black-legged ticks in summer 2019, and 174 nymph black-legged ticks in summer
2020 (Appendix 2). The predominant mast species we collected were maple (Acer sp.) and ash
(Fraxinus sp.) in coniferous forest, hickory (Carya sp.) and maple in deciduous forest, and oak
(Quercus sp.) in mixed forest (Table 1). Mixed forest had the highest mast abundance in all years
sampled, and coniferous forest had the lowest mast abundance in all years sampled (Table 1).
Other mast found at these sites include blue cohosh (Caulophyllum thalictroides), raspberry
(Rubus sp.), American basswood, American beech, eastern hophornbeam, hickory, and cherry.
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Our model predicting nymph tick relative abundance using oak mast was our top model,
and our other model was not a competing model within a ΔAICc of 4 (Table 2). Nymph tick
relative abundance was positively related to oak mast abundance when incorporating a two-year
time lag (Table 3, Figure 3). Coniferous forest had higher tick abundance than deciduous forest
cover, which was absorbed into the model intercept, but the 95% confidence intervals overlapped
for other land cover comparisons, showing no difference between coniferous forest and mixed
forest or deciduous forest and mixed forest. Our model failed model validation, as we rejected
the null hypothesis that the fitted model is the data-generating model (p = 0.02).
DISCUSSION
We found that our model predicting nymph black-legged tick relative abundance on Fort
Drum Military Installation using oak mast was our best model, supporting that nymph tick
abundance is synchronous (Borgmann-Winter et al. 2021), with oak-habitat and non-oak habitat
having high or low nymph tick abundance within the same years. This suggests that oak had a
strong influence on the synchrony we found across land cover types. Oak mast has been strongly
connected to fluctuations in eastern chipmunk abundance (Ostfeld et al. 1996, Wolff 1996,
McShea 2000) and eastern gray squirrel abundance (Gorman and Roth 1989, McShea 2000),
which make up the majority of bloodmeals for black-legged ticks on Fort Drum (Chapter 5). We
considered several mechanisms that could lead to oak mast influencing surrounding non-oak
habitat.
One possible explanation is that factors related to mast abundance also influence blacklegged tick abundance. While oak mast is cyclic, spring temperature is positively related to mast
abundance and summer drought is negatively related to mast abundance (Sork et al. 1993).
Black-legged ticks are positively associated with milder winters and humidity (Needham and

64

Teel 1991, Brownstein et al. 2003, Linske et al. 2019), but as there is a two-year lag between the
increased mast abundance and the increased nymph tick abundance, the factors associated with
high mast abundance do not occur in the same year as high nymph tick abundance, so this
explanation is not probable. White-tailed deer (Odocoileus virginianus) or birds could also be
drawn into oak habitat to take advantage of high oak mast and move adult female black-legged
ticks to non-oak habitat after taking advantage of this resource (Keirans et al. 1996, Scott et al.
2001), where the females then lay their eggs. This would result in high larval tick abundance
following high oak mast abundance in non-oak habitat, but without an increase in potential tick
bloodmeals from small mammals where ticks are dispersed to, it is unlikely enough larval ticks
would survive to observe an increase in nymph tick abundance.
Eastern chipmunks and eastern gray squirrels tend to have small home ranges (0.08–
3.41ha) and limited dispersal (Lacher Jr and Mares 1996, Tounzen et al. 2012), but dispersal of
small mammals still appears to be the most likely explanation for nymph black-legged tick
synchrony. After small mammal populations increase in response to oak mast, there tends to be
lower mast availability the following year (Sork et al. 1993). This could influence juvenile
chipmunks and squirrels to disperse farther in search of food resources, rather than staying near
their natal range, as low mast availability is known to have greater impact on subordinate
squirrels (Gorman and Roth 1989). This explanation was also proposed by Borgmann-Winter et
al. (2021) and is worth further exploration.
Mast from maples may also have an impact on the nymph tick abundance synchrony we
identified between oak and non-oak habitat. While oak mast is the primary food resource
responsible for small mammal population fluctuations, maple mast still has an influence on small
mammal abundance (McCracken et al. 1999). We were not able to evaluate the influence of

65

maple mast on black-legged tick abundance within our dataset, though. Maple mast abundance
peeked in 2017, the same year oak mast was at its highest. Therefore, the effect of oak mast
would hide the potential impact of maple mast in our dataset. A more long-term dataset is
desirable to determine the potential impact of maple mast on tick abundance.
We also recommend adapting our methods for future mast surveys at Fort Drum Military
Installation. As oak mast was the top predictor of annual variation in nymph tick abundance, we
recommend focusing future mast surveys on oak mast abundance. This will allow Fort Drum to
save considerable resources. Alternatively, the methods could be switched to visual estimation of
mast abundance (Greenberg and Warburton 2007, Pourhashemi et al. 2013), which requires less
field work and no processing of samples. While adapting the methods to visual surveys would
reduce the amount of field work and mast processing necessary, models would need to be fit to
the new dataset to allow future predictions of tick abundance. Our research focused on the
influence of total oak mast, but in the future the relative influence of mast from the white oak
group and red oak group could be studied. White oak has good mast crops approximately every
four years, and white oak species tend to be more synchronous and periodic than red oak
(Johnson et al. 2009). Red oak mast is asynchronous among trees with good mast years occurring
less often than white oak, but this asynchrony among red oaks results in less variation in mast
from year-to-year (Johnson et al. 2009). Maple mast monitoring may also want to be continued
at Fort Drum, as its influence on nymph tick abundance could have been hidden by oak mast
abundance. While we supported one of the explanations for annual variation in tick abundance,
our model was not the best for making predictions. Researchers should be cautious when using
these models to forecast future nymph tick abundance because our model failed model
validation. We believe that these models failed due to their simplicity, as we did not capture any
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heterogeneity among survey sites in the model. This heterogeneity would inflate the variance in
our model residuals. The 95% confidence intervals of the mast slope coefficient still gave us
confidence in the relationship we found, as they were not close to overlapping zero.
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Table 1. Mast abundance in grams identified in various land cover types at Fort Drum Military
Installation, New York. For each land cover type, mast was collected from 39 mast stations, each
containing four buckets around a 1.8-m tall post, and from 1-m2 ground plots paired with mast
stations that rotated around the mast station during each sampling period to sample the ground in
a different location. Mast was collected biweekly from May until the end of October.
Year
2016

Land cover type
Coniferous
Deciduous
Mixed

2017

Coniferous
Deciduous
Mixed

2018

Coniferous
Deciduous
Mixed

Ash
2.3567
0
0
0
0
0

Hickory
0.0000
24.9931
1.0599

Other
3.4660
20.3028
5.5337

Total
7.3917
60.1509
455.9892

0
12.1371
0
0.4674
98.7810 583.5085
0
45.8703
0
12.9234 3469.7794 23.1401

12.6045
728.1598
3505.8429

25.8191
0
0
41.2275
0.0361 0.1458
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Maple
1.5690
14.8550
1.0091

9.2991
0.0829
3.8486

Oak
0
0
448.3865

0.8369
0
630.6432

6.5223
32.2965
15.0844

42.4774
73.6069
649.7581

Table 2. Negative Binomial generalized linear models of nymph tick relative abundance as
predicted by land cover type and mast abundance at Fort Drum Military Installation, New York.
In the “oak mast + land cover” model, only oak mast was used, and all sites had the same value
within the same year. In the “all mast * land cover” model, mast was summed by land cover type
so that all tick drag sites within the same land cover type have the same mast value within the
same year. This model also includes an interaction between mast and land cover type to allow
the model to account for differences in mast species between different land cover types. AICc,
ΔAICc and model weight (wi) are given for each model.
Model
Oak mast + land cover
All mast * land cover

AICc
534.9
557.6

ΔAICc
0
22.7

wi
1
0
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Table 3. Negative Binomial generalized linear models of nymph tick relative abundance as
predicted by land cover type and oak mast abundance at Fort Drum Military Installation, New
York. Only oak mast was used in the model, and all sites had the same value within the same
year. The slope coefficient estimate, standard error (S.E.), and 95% confidence intervals (95%
C.I.) are given for the model. Deciduous forest cover was absorbed into the model intercept.
Variable
Intercept
Mast (Oak)
Coniferous
Mixed

Estimate
1.91
0.82
0.77
0.52

S.E.
0.16
0.10
0.23
0.31

95% C.I.
1.59, 2.23
0.62, 1.02
0.33, 1.21
-0.08, 1.13
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Figure 1. Location of tick drag transects and mast collection grids on the Fort Drum Military
Installation Cantonment Area in New York. The top right inset map shows the location of Fort
Drum in northern New York.
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Figure 2. Mast collection system used at Fort Drum Military Installation, New York. The four
blue circles represent the buckets used to collect falling mast. In addition to the mast buckets,
1m2 ground plots were established 6.9 m from the center of the buckets, at a randomly decided
azimuth that rotated by 30° biweekly when mast was collected.
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Figure 3. Negative Binomial generalized linear model of nymph tick relative abundance as
predicted by land cover type and oak mast abundance at Fort Drum Military Installation, New
York. Only oak mast was used in the model, and all sites had the same value within the same
year.
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Chapter 4: Utilizing Next-Generation Sequencing Techniques to Determine
the Last Bloodmeal of Black-Legged Ticks
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ABSTRACT
Tick-borne diseases are reliant on wildlife reservoirs, and therefore research on the bloodmeal
sources of ticks is a key aspect of tick and disease dynamics. Several methods were previously
developed to determine past bloodmeal sources of questing ticks, but there has been a recent
focus on techniques using next-generation sequencing. These techniques are successful with
engorged ticks but have a lower success rate with questing ticks. To develop our next-generation
sequencing method, we collected 20 engorged black-legged ticks from five mammal species and
95 questing black-legged ticks using tick drag surveys. DNA was extracted from engorged ticks
and questing ticks and amplified using primers that target the mitochondrial 12S gene of
vertebrates. The PCR products were cleaned, barcoding indices were attached using a second
PCR, and indexed samples were sequenced using an Illumina MiSeq PE150bp Nano reagent kit.
Using a single amplification and sequencing run, we identified 100% of engorged black-legged
tick bloodmeals. For questing ticks, we identified an average of 15.8 ± 0.4 (16.6%) bloodmeals
using a single amplification and sequencing run. Using five sequencing runs on three
amplifications, where two amplifications were each sequenced twice, we were able to identify 37
(38.9%) tick bloodmeals. We identified bloodmeals from eastern gray squirrel (Sciurus
carolinensis), American red squirrel (Tamiasciurus hudsonicus), raccoon (Procyon lotor),
eastern chipmunk (Tamias striatus), northern short-tailed shrew (Blarina brevicauda), whitetailed deer (Odocoileus virginianus), veery (Catharus fuscescens), and wild turkey (Meleagris
gallopavo) in questing ticks. In the future, these next-generation sequencing methods can be
utilized, and management activities can be targeted toward important tick host species in the
region.
Keywords: tick, bloodmeal, next-generation sequencing
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INTRODUCTION
Ticks are vectors of many diseases in the United States and across the world, including
anaplasmosis, babesiosis, Rocky Mountain spotted fever, and Lyme disease (Centers for Disease
Control and Prevention 2019). In the eastern United States, the black-legged tick (Ixodes
scapularis) is the primary vector of Lyme disease, which is caused by the bacterium Borrelia
burgdorferi (Centers for Disease Control and Prevention 2015). Ticks go through multiple life
stages and require a bloodmeal before molting to the next life stage (TickEncounter Resource
Center 2018). Black-legged ticks may become infected with B. burgdorferi during any
bloodmeal, and then transmit Lyme disease to a host during subsequent bloodmeals (Ostfeld
2011). As certain wildlife species are more susceptible to being parasitized by ticks, becoming
infected with B. burgdorferi, and transmitting B. burgdorferi to ticks, reservoir hosts of B.
burgdorferi play an important role in Lyme disease ecology. While research has historically
focused on trapping to identify which wildlife species are fed on by ticks and potential reservoirs
of Lyme disease (Mather et al. 1989, LoGiudice et al. 2003, Ogden et al. 2008), recent research
has investigated the use of genetic techniques to identify past bloodmeal hosts.
The first genetic technique used was reverse line blots of PCR products, which was able
to identify between 43.6% and 62.8% of tick bloodmeals (Table 1) in either castor bean tick
(Ixodes ricinus) or lone star tick (Amblyomma Americanum, Pichon et al. 2005, Cadenas et al.
2007, Humair et al. 2007, Allan et al. 2010). In other research, reverse line blots have been found
to be less sensitive than Quantitative PCR (Georges et al. 2012). This is likely because reverse
line blots include the use of a non-specific PCR, and then work from that PCR product. Genetic
methods also used include restriction fragment length polymorphisms (RFLPs) between species
with 62.8% success (Wodecka et al. 2014) and high resolution melt analysis with 65.4% success
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(Table 1, Collini et al. 2015). Both of these methods are known to accurately identify taxonomic
groups (Oyler-McCance and Leberg 2005), but neither provides the actual genetic sequence of
interest. Instead, these methods identify taxonomic groups by allowing users to locate differences
between these groups that the researcher connects to the taxonomic groups of interest (OylerMcCance and Leberg 2005).
Recently, sequencing techniques have been implemented to identify bloodmeal sources,
but this technique has mainly been limited to engorged ticks. Gariepy et al. (2012) amplified
blood within engorged ticks with the mitochondrial DNA (mtDNA) cytochrome oxidase I (COI)
barcode region specific to vertebrates, successfully identifying the bloodmeal sources for 72% of
sampled I. scapularis ticks. Lah et al. (2015) amplified and sequenced the mtDNA cytochrome b
gene using vertebrate-universal primers for bloodmeals from 27 Ixodidae ticks, with 20 ticks
showing 99% similarity to species in GenBank (National Center for Biotechnology Information
2019), and the remaining seven ticks showing between 91 and 98% similarity to species in
GenBank. Next-generation sequencing has become more affordable as technological advances
occur, and these methods enable researchers to identify the sequences present within a sample
(Oyler-McCance and Leberg 2005). This makes it easier to identify potential contaminants,
which are a concern when dealing with low-quantity and low-quality DNA, and to identify any
potential taxonomic group present by comparing to a genetic library such as GenBank. The
previous methods discussed, including high resolution melt analysis, RFLPs, and reverse line
blots, require the user to compare results to known samples to identify the taxonomic group
present.
Applying these techniques to questing ticks remains challenging. Questing ticks have
likely not had a bloodmeal since before molting to the next life stage, making remnant DNA

82

more degraded than host DNA in engorged ticks. Despite this challenge, identifying bloodmeals
in questing ticks is important. By identifying questing tick bloodmeals, we can avoid the need to
live trap animals and remove ticks to identify bloodmeal sources and help further our
understanding of the wildlife hosts influencing tick abundance and Lyme disease rates. To apply
these techniques to questing ticks, 216 questing I. scapularis nymphs were used for bloodmeal
identification with next-generation sequencing of a 190-bp region of the COI barcode region
specific to vertebrates (Lumsden 2019). Although Lumsden (2019) showed success with
engorged ticks, only 2 (0.9%) questing tick bloodmeals were successfully identified. One
efficiency of next-generation sequencing is it allows researchers to amplify DNA from hundreds
or thousands of ticks at once and sequence all samples within a single sequencing run (Campbell
et al. 2015). Next-generation sequencing also provides flexibility with primer design, allowing
researchers to use either universal primers that amplify a variety of species, or multiple primers
that amplify different animal groups.
Our objective was to refine existing methods using next-generation sequencing to
identify past bloodmeals of questing ticks. We tested this method on engorged ticks from known
bloodmeal sources, identified bloodmeal sources of questing ticks, and evaluated the number of
bloodmeals that were identified when using multiple next-generation sequencing runs. To
determine the success of this method, we evaluated the percentage of engorged and questing
ticks we were able to identify bloodmeal sources from and compared these results to previously
established methods.
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METHODS
Engorged Tick Collection and DNA Extraction
We trapped small mammals at Fort Drum Military Installation in Northern New York
during June 2018 and 2019. In 2018, we placed two trapping grids (Appendix 4) per cover type
in coniferous and mixed forest cover types consisting of 72 Sherman live traps (H. B. Sherman
Traps, Inc., Tallahassee, FL, USA) and 36 Tomahawk traps (#202, Tomahawk Live Trap,
Hazelhurst, WI, USA). In 2019, we placed two trapping grids per cover type in coniferous,
deciduous, and mixed forest cover types. We placed traps in a 6×6 grid with each trapping
location 10 m apart and consisting of two Sherman live traps and one Tomahawk trap. Traps
were baited with a mixture of peanut butter and oats; polyester batting for nesting was also
placed in each trap. We checked traps twice a day, and when animals were captured, we searched
around their head and neck for attached black-legged ticks. All located ticks were removed from
captured small mammals and placed in a -4℃ freezer for short-term storage, before being moved
to a -20℃ freezer.
From this collection of ticks, we selected three ticks removed from Peromyscus sp., three
from eastern chipmunks (Tamias striatus), four from American red squirrels (Tamiasciurus
hudsonicus), and seven from eastern gray squirrels (Sciurus carolinensis) for DNA extraction, as
we trapped the highest numbers of gray squirrels. We also extracted DNA from three ticks
removed from white-tailed deer (Odocoileus virginianus) harvested by hunters on Fort Drum
Military Installation to increase the variety of hosts tested. DNA was extracted from the whole
tick using the Qiagen DNeasy Blood & Tissue Kit (Germantown, MD, USA) primarily following
the animal tissue protocol, with tick abdomens cut open and an overnight incubation on a tilting

84

plate. We included an extraction negative control and amplification negative control with these
samples.
Questing Tick Collection and DNA Extraction
We collected questing black-legged ticks at Fort Drum Military Installation using tick
drags. In 2019, we completed tick drags at 56 sites, with each site consisting of three parallel
transect drags conducted 10-m apart. Each transect was 50m long, totaling 150m of tick drag per
site (Appendix 1). All 56 sites were dragged from May until August, with drags being conducted
once every two weeks. We continued surveying 18 of these sites until November. We placed
collected ticks in a -4℃ freezer for short-term storage, before being moved to a -20℃ freezer.
From the ticks collected in 2019, we randomly selected 95 ticks, of which 72 were nymphs and
23 were adults, as we collect more nymph than adult ticks on Fort Drum.
As questing ticks have not fed as recently and would likely not contain as much
bloodmeal DNA as engorged ticks, we selected an extraction method that does not pass DNA
through a filter. For this, we adapted the methods of Strobl et al. (2017). We cut open the
abdomen of the ticks and placed the ticks in 40𝜇l of the Proteinase K solution containing 500
μg/mL Proteinase K, 10 nM Tris-Cl, 1mM EDTA, and 25 mM NaCl. Ticks were incubated on a
tilting plate overnight at 37℃, and then inactivated at 75℃ for 20 min. An extraction negative
control was also included.
DNA Amplification and Next-Generation Sequencing
We used the 12SV5 primer set (Riaz et al. 2011), which is designed to amplify all
vertebrate DNA at the V5 loop of the mitochondrial 12S gene, to amplify DNA from the ticks’
previous bloodmeal with a Genotyping-in-Thousands by sequencing (GT-Seq) approach
(Campbell et al. 2015). We modified these primers to accept dual indexing primers compatible
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with the Illumina system (San Diego CA, USA). We used the Qiagen Multiplex PCR Plus Kit
(Germantown, MD, USA) for amplification. Reactions included 1X of the Multiplex PCR
Master Mix, 0.2 𝜇M of each primer, and 8 𝜇l of extracted DNA in a 20 𝜇l total reaction volume.
The PCR mixture had an initial denaturation of 95℃ for 5 min, followed by 15 cycles of 30 s at
95℃, 90 s at 65℃ with a stepdown of 1℃ per cycle, and 30 s at 72℃, then 13 cycles of 30 s at
95℃, 90 s at 50℃, and 30 s at 72℃, and finished with a final extension of 10 min at 68℃.
This PCR product was cleaned using the Quantabio sparQ PureMag Beads (Beverly, MA,
USA) at 0.9X concentration, and quantified using a ThermoFisher Quant-iT (Waltham, MA,
USA). After this, all individuals were barcoded using a dual indexing PCR included 1X KAPA
Taq HotStart Buffer (Kapa Biosystems, Wilmington, MA, USA), 0.3 mM dNTP mix, 0.15 𝜇M
Illumina I5 tagging primer identifying row, 0.15 𝜇M I7 tagging primer identifying plate and
column, 0.5 𝜇L KAPA Polymerase, 5 − 10 ng of cleaned PCR product, and variable PCR grade
water to a final concentration of 25 𝜇L. We ran this with an initial denaturation of 95℃ for 3
min, followed by 25 cycles of 30 s at 95℃, 30 s at 54℃, and 30 s at 72℃, and finished with a
final extension of 4 min at 72℃. The dual indexing PCR product was then cleaned using the
Quantabio sparQ PureMag Beads (Beverly, MA, USA) at 1X concentration and quantified using
a ThermoFisher Quant-iT (Waltham, MA, USA). After this, all samples were pooled based on
quantification values, and the pool was quantified using qPCR on the Bio-Rad CFX Connect
Real-Time PCR Detection System (Hercules, CA, USA). This pool was then diluted and run on
an Illumina MiSeq with a PE150bp Nano reagent kit (San Diego, CA, USA).
The DNA from engorged ticks was amplified and sequenced once. The DNA from
questing ticks was amplified three times, with individual sequencing runs for each amplification.
The second and third amplifications were then repooled, customizing the amount of each
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individual sample added to the library in order to normalize the number of sequencing reads
between samples. This approach resulted in a total of five sequencing runs: sequencing runs for
each of the original three amplifications, and two additional sequencing runs based on repooling
of the second and third amplifications for normalization.
Sequence Data Processing
Sequences were analyzed using DADA2 (Callahan et al. 2016) in R (R Core Team 2013).
We allowed a maximum of two expected errors per sequence read, dereplicated sequences,
merged forward and reverse reads together, and removed likely chimeras. The sequences that
made it through this pipeline were then exported from R, and we converted the sequences to the
FASTA format. Taxonomic assignment was completed for the exported sequences using
nucleotide BLAST and the NCBI database (Benson et al. 2018).
For the engorged ticks, sequence data were compared to known bloodmeal sources and
evaluated for potential contamination. For questing ticks, sequence data from each sample were
summarized, and species that were identified in the known bloodmeal ticks but were not actual
sources of bloodmeals were excluded as laboratory contamination from questing tick results.
This rule only eliminated the recording of one potential bloodmeal from a Sorex sp. as
contamination. After this, we established a set of conservative rules for identifying bloodmeal
sources of questing ticks. First, single sequencing runs that showed multiple species were
removed, as we assumed most ticks should have a single bloodmeal present. Larval black-legged
ticks are known to obtain a single bloodmeal during this life stage, so only one bloodmeal would
be present in questing nymph ticks to detect (Ostfeld 2011). Questing adult ticks have had two
bloodmeals, one as a larval tick and one as a nymph tick. We expected to only be able to detect
one of these bloodmeals using genetic techniques, as the larval bloodmeal would have been
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taken over a year ago, and the tick would have molted twice and taken an additional bloodmeal
between the larval bloodmeal and collection as a questing adult tick (Ostfeld 2011). Second,
sequences that were weak matches to a species were deleted if a strong match to a species in the
same taxonomic family was not identified in the same or a separate sequencing run for the
sample. These weak matches could be either a low probability of identity, which we define as
below 95% probability of identity, or where the top species match is not native to the region
where ticks were collected. Finally, bloodmeal species that mismatched for a sample between
separate sequencing runs were removed from the dataset.
Based on these conservative rules, the number of bloodmeal sources were identified for
each next-generation sequencing run of questing ticks. Additionally, the number of bloodmeal
sources were identified for combining two or three sequencing runs. As there were multiple runs
performed on the second and third PCR amplification replicates of these ticks, only one run from
each of these amplifications was included at a maximum when determining the number of
bloodmeal sources by combining multiple sequencing runs. This meant that only the original
sequencing run or the repooled sequencing run of the same amplification could be included, but
not both. We assumed that repooling and sequencing the same PCR amplification is not as
independent as sequencing a separate amplification of the DNA. Furthermore, we identified the
additional number of bloodmeals identified by repooling a PCR amplification and performing a
second next-generation sequencing run.
Finally, we identified the total number and species of bloodmeal sources by combining
all five next-generation sequencing runs for questing black-legged ticks. We also relaxed the
conservative rules to identify additional bloodmeals based on all five sequencing runs, which we
defined as liberal scoring rules. This identification of additional bloodmeal sources was more
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subjective than the strict rules set above, and the specific exceptions to the conservative scoring
rules we used were identified for each additional bloodmeal in the results section.
RESULTS
Engorged Ticks
We successfully identified the known bloodmeal sources from all engorged ticks. The
lowest number of reads identified to the correct bloodmeal source for a sample was 1,252 reads.
This did not include reads that were a match to the correct genus, but incorrect species. Another
sample had over 1,800 reads identified to correct bloodmeal source, while the remaining samples
all had over 2,000 reads identified to the known source. All reads included in these counts were
above 96% probability of identity. The three ticks removed from Peromyscus sp. had a higher
probability of identity for deer mouse (Peromyscus maniculatus) than white-footed mouse
(Peromyscus leucopus). Contamination was present in 40% of these samples, but the highest
number of reads we identified for a contaminant was 410 reads.
Questing Ticks
Using our conservative rules, we identified an average of 15.8 ± 0.4 (16.6%) bloodmeals
out of 95 using one sequencing run, an average of 25.1 ± 0.4 (26.4%) bloodmeals using two
sequencing runs, and an average of 32.8 ± 0.3 (34.5%) bloodmeals using three sequencing runs
(Table 2). For the second PCR amplification of questing tick DNA, we identified 15 (15.8%)
bloodmeals with the original next-generation sequencing run or with the second sequencing run
on repooled samples. With both the original and repooled sequencing runs together, we were
able to identify bloodmeals of 22 (23.2%) questing ticks. For the third PCR amplification, we
identified 16 (16.8%) bloodmeals with the original or repooled next-generation sequencing runs,
and 18 (18.9%) bloodmeals with both sequencing runs together.
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Combining all sequencing runs using the conservative rules, we successfully identified 37
bloodmeals from questing ticks (Table 3), including 28 of 72 (38.9%) from nymph and 9 of 23
(39.1%) from adult questing ticks. Identified bloodmeal sources included eastern gray squirrel,
American red squirrel, raccoon (Procyon lotor), eastern chipmunk, northern short-tailed shrew
(Blarina brevicauda), white-tailed deer, veery (Catharus fuscescens), and wild turkey (Meleagris
gallopavo). As with the engorged ticks, probability of identity was above 96% for all sequences
identified in each tick. Under the more liberal rules, we identified three additional bloodmeal
sources. Two more white-tailed deer bloodmeals were identified, which were initially excluded
as the sequences were not exact matches to a white-tailed deer but matched to other deer species
that do not occur in the region. This may be due to sequence errors caused by the low-quality
DNA. The last additional bloodmeal matched to a racoon. This sample was excluded under the
conservative rules as additional sequences that were a weak match to various members of the
Mustelidae family were also identified in the sample. The count of reads identified as raccoon
(14,338 reads) greatly outnumber the other sequences identified (583 reads), though. Six nymph
ticks and 0 adult ticks of the 43 ticks we obtained sequences from included sequences from
multiple wildlife species when combining all sequencing runs.
DISCUSSION
In engorged ticks, we were able to correctly identify 100% of the known bloodmeals of
black-legged ticks, and the sequences had a high probability of identity to the species in the
GenBank database (Benson et al. 2018). We expected this high success rate, as the 12SV5 primer
has been proven successful for use with low quality DNA, primarily for identifying prey species
present in scat samples (Shehzad et al. 2012, De Barba et al. 2014, Thuo et al. 2019).
Additionally, these ticks were collected from known bloodmeal sources, so we knew that the

90

DNA was taken in by the tick recently, and vertebrate DNA should be present in larger quantities
than would be present in questing ticks. These results compare favorably to past next-generation
sequencing techniques used on engorged ticks. We exceeded the success rate of 72% using the
COI barcode region (Gariepy et al. 2012) and matched the success rate of 100% using the
cytochrome b gene (Lah et al. 2015).
In questing ticks, we identified an average of 15.8 (16.6% success rate) tick bloodmeals
using a single next-generation sequencing run, which was over 18 times greater than the success
rate of Lumsden (2019), who used the COI barcode region to identify questing black-legged tick
bloodmeals with next-generation sequencing. We had a greater increase in the number of
bloodmeals identified from questing ticks by performing next-generation sequencing on an
additional PCR amplification than from repooling a PCR amplification that was already
sequenced. It is important to note that repooling a PCR amplification and performing an
additional next-generation sequencing run requires less resources than performing an additional
PCR amplification, reprocessing and indexing the amplified samples, and then performing a
next-generation sequencing run, making it a viable solution to identify additional bloodmeal
sources without as large of a time or monetary commitment.
Along with identifying bloodmeals in questing ticks consistent with the known
bloodmeals identified in engorged ticks, we were able to identify two additional mammal species
and two avian species. This further supports the use of the 12SV5 primers for this method,
showing that the primers can be used to identify a variety of species in diverse taxa. We found no
indication in this study that these primers were better at detecting certain vertebrate species. Our
success rates combining all five next-generation sequencing runs were on the lower end of rates
previously found (Table 1) using reverse line blots of PCR products, restriction fragment length
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polymorphisms, or high resolution melt analysis on questing ticks (Pichon et al. 2005, Cadenas
et al. 2007, Humair et al. 2007, Allan et al. 2010, Wodecka et al. 2014, Collini et al. 2015).
Humair et al. (2007) and Cadenas et al. (2007) found that bloodmeal analysis success rates were
higher in adult ticks than nymphs, but our success rates only differed by 0.2% between the two
life stages.
For this project, we assumed ticks should contain a single bloodmeal. This assumption is
based on the tick life cycle, where a bloodmeal is required to molt to the next life stage (Ostfeld
2011). Therefore, nymphs will have obtained a single bloodmeal as a larval tick, and adult ticks
will have obtained two bloodmeals, one as a larval tick and one as a nymph. We believe the
larval bloodmeal will be difficult to detect in adult ticks, though, as we did not detect multiple
bloodmeals in any of our adult ticks in this study. The larval bloodmeal in an adult will be over a
year old, and the nymph bloodmeal in an adult will be more recent, expected to be in higher
abundance, and more likely to amplify. Some of the nymph results we excluded for containing
DNA sequences from multiple species may be examples of ticks obtaining bloodmeals from
multiple hosts during a single life stage. There were six nymph ticks that fit this category, and as
our primary goal was to compare our method to existing methods, we decided to be conservative
in our estimates.
We believe that our techniques are a viable method for determining past tick bloodmeals.
When testing hundreds or thousands of samples, the cost per sample of these techniques
decreases, making next-generation sequencing a more affordable method for large scale projects.
Additionally, the procedure is simple to scale up to larger sample sizes. The ability to detect
multiple sequences per sample is also beneficial, making it easy to identify potential lab
contaminants. Reverse line blots of PCR products, restriction fragment length polymorphisms,
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and high resolution melt analysis require the researcher to design primers targeted at certain
wildlife species, whereas the 12SV5 primers in this study can amplify any vertebrate
mitochondrial DNA. This makes the method less targeted and allows researchers to identify tick
bloodmeal sources that were not expected. Additionally, if a researcher has fewer ticks to test,
next-generation sequencing could be completed multiple times to improve the overall success
rate, similar to the iterative approach we used here.
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Table 1. Success rates of previous bloodmeal genetic methods on questing ticks including
reverse line blots of PCR products (RLB), restriction fragment length polymorphisms (RFLP),
and high resolution melt analysis (HRMA) used on Ixodes ricinus and Amblyomma americanum.
Tick species
I. ricinus
I. ricinus
I. ricinus
A. americanum
I. ricinus
I. ricinus

Method
RLB
RLB
RLB
RLB
RFLP
HRMA

Sample Nymphal
size
success
322
49.40%
109
38.20%
1326
40.60%
1383
62.80%
880
62.80%
52
65.40%
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Adult
success
N.A.
59.30%
49.90%
N.A.
N.A.
N.A.

Overall
success
49.40%
48.60%
43.60%
62.80%
62.80%
65.40%

Study
Pichon et al. 2005
Humair et al. 2007
Cadenas et al. 2007
Allan et al. 2010
Wodecka et al. 2014
Collini et al. 2015

Table 2. Number of bloodmeals identified using next-generation sequencing techniques on
bloodmeal DNA extracted from questing black-legged ticks including data from three PCR
amplifications along with repooling and sequencing of the second and third amplifications
combining various numbers of amplification sequencing runs. The X represents sequencing runs
which were included for the number of bloodmeals identified.
Number of
runs
1
1
1
1
1

Run 1
Original
X

2
2
2
2
2
2
2
2

X
X
X
X

3
3
3
3

X
X
X
X

Run 2
Run 3
Original Repool Original Repool
X
X
X
X
X
X
X
X
X
X

X
X
X
X

X
X

X
X

X
X
X
X

X
X
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Number of bloodmeals
identified
17
15
15
16
16
26
27
26
25
25
24
24
24
33
32
33
33

Table 3. The number of black-legged tick bloodmeals from each host species identified using
next-generation sequencing techniques on bloodmeal DNA extracted from questing black-legged
ticks including all data from three PCR amplifications along with repooling and sequencing of
the second and third amplifications under conservative and liberal scoring rules.

Species
Eastern gray squirrel
American red squirrel
Raccoon
Eastern chipmunk
Northern short-tailed shrew
White-tailed deer
Veery
Wild turkey
Total

Scoring rules
Conservative
Liberal
14
14
8
8
5
6
3
3
3
3
2
4
1
1
1
1
37

40
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Chapter 5: Determination of Black-Legged Tick Bloodmeals at
Fort Drum Military Installation, New York
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ABSTRACT
Black-legged ticks (Ixodes scapularis) may become infected with Lyme disease when obtaining
a bloodmeal from reservoir hosts of Borrelia burgdorferi. Because wildlife species have varying
levels of competency as reservoir hosts, sources of tick bloodmeals influence Lyme disease
ecology. White-footed mice (Peromyscus leucopus) and eastern chipmunks (Tamias striatus) are
highly competent reservoirs of Lyme disease. To determine sources of tick bloodmeals at Fort
Drum Military Installation in New York, we collected questing black-legged ticks using tick
drags in 2018, 2019, and 2020. We extracted DNA from ticks and amplified remnants of the
ticks’ last bloodmeal at the mitochondrial 12S gene. Genomic DNA from individual ticks were
marked using dual-indexed tags, pooled together by year, and sequenced on an Illumina MiSeq.
We also trapped small mammals on Fort Drum and evaluated mean tick loads on eastern
chipmunks, eastern gray squirrels (Sciurus carolinensis), American red squirrels (Tamiasciurus
hudsonicus), and Peromyscus sp., and we surveyed these species using camera traps. The
majority of tick bloodmeals on Fort Drum came from eastern chipmunks (36.05% ± 16.02) and
eastern gray squirrels (26.32% ± 18.45). We found no difference among years in the proportion
of bloodmeals coming from different wildlife species using genetic techniques (p = 0.89, df = 12,
χ 2 = 6.84) and little variation in mean tick load among any small mammal species using live
trapping. Eastern chipmunks were in higher relative abundance than red squirrels or mice (p <
0.01). Because chipmunks have a higher reservoir competency for Lyme disease than squirrels,
we recommend managers on Fort Drum focus management efforts on eastern chipmunks to
influence Lyme disease dynamics.
Keywords: Ixodes scapularis, bloodmeal, next-generation sequencing
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INTRODUCTION
Lyme disease cases have increased substantially in the United States since it was first
described in the 1970s to 23,453 confirmed cases in 2019 (Centers For Disease Control and
Prevention 2021), and it is likely that the number of unreported cases is higher than the number
reported (Centers For Disease Control and Prevention 2021). The Centers for Disease Control
and Prevention (2021) state that Lyme disease may infect approximately 476,000 people a year
in the United States. Lyme disease is a vector-borne disease caused by the bacterium Borrelia
burgdorferi which is primarily spread by the black-legged tick (Ixodes scapularis) in the eastern
United States. Ticks may obtain Lyme disease or other tick-borne pathogens while obtaining a
bloodmeal from various wildlife species.
Wildlife species have a varying level of susceptibility to being parasitized by ticks and
obtaining B. burgdorferi. High competency reservoir hosts are wildlife species that are more
likely to transmit the pathogen to ticks that feed on them, whereas low competency reservoir
hosts are not likely to become infected with or transmit B. burgdorferi (Ostfeld 2011). Whitefooted mice (Peromyscus leucopus) are believed to be the most competent reservoir host of
Lyme disease, and eastern chipmunks (Tamias striatus) are known to be highly competent
reservoirs as well, with 75% prevalence of B. burgdorferi detected in eastern chipmunks in
Massachusetts (Mather et al. 1989). Avian species also provide bloodmeals for ticks (Ogden et
al. 2008, Hill 2018), but most birds have a lower Lyme disease reservoir competency than many
other tick host species (LoGiudice et al. 2003, Ginsberg et al. 2005).
Due to the variation in Lyme disease competency, Ostfeld (2011) reports Lyme disease
will see a dilution effect with increased wildlife biological diversity. Black-legged ticks are
broadly viewed as generalists, as they are willing to take a bloodmeal from almost any vertebrate
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species they encounter (Ostfeld 2011). The prevalence of B. burgdorferi in ticks decreases at
high species diversity because there are more low competency hosts for ticks to feed on than
highly competent hosts; the most competent host, the white-footed mouse, is at the highest
abundance and relative abundance when species diversity is low (LoGiudice et al. 2003). Ticks
are also more likely to successfully complete bloodmeals on certain wildlife species. Chipmunks,
squirrels, and Virginia opossums (Didelphis virginiana) are better at grooming and destroying
ticks that attempt to feed on them than mice, which will result in a lower tick load on these
species. Keesing et al. (2009) found that approximately 50% of larval ticks survived and
completed bloodmeals on white-footed mice in a lab setting, while significantly fewer ticks
successfully completed bloodmeals on eastern chipmunks (24%) and eastern gray squirrels
(Sciurus carolinensis, 17%). Only 3.5% of larval ticks successfully fed on Virginia opossums
(Keesing et al. 2009).
Predators also have an influence on Lyme disease and black-legged tick ecology.
Predator activity has been found to decrease the larval load of castor bean ticks (Ixodes ricinus)
on rodents (Hofmeester et al. 2017). Having more predators on the landscape can reduce
movement of their prey, and an increase in predators can lower prey population size. Both
changes to prey species, avoidance and population reduction, lower the number of encounters
ticks have with prey species, making it more likely ticks encounter an alternative bloodmeal
source (Levi et al. 2012, Hofmeester et al. 2017). Community structure and wildlife bloodmeal
sources are important for estimating Lyme disease risk within an area.
For this study, we identified the bloodmeals of black-legged ticks on Fort Drum Military
Installation in northern New York. To accomplish this, we collected questing nymph and adult
ticks and identified the past bloodmeals present within the questing ticks using next-generation
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sequencing. We also trapped small mammals to evaluate the number of ticks present on various
species and compared small mammal relative abundance using camera trap data. The
combination of genetic techniques and field-based surveys for small mammal species allowed us
to better understand the sources of black-legged tick bloodmeals, and we were able to compare
these two methods on a single site during the same time period. As ticks are viewed as
generalists (Ostfeld 2011), we expected tick bloodmeals to be proportional to the abundance of
wildlife on the landscape, with mouse bloodmeals being inflated compared to chipmunks and
squirrels as mice are more likely to allow ticks to complete a bloodmeal (Keesing et al. 2009).
STUDY AREA
Fort Drum Military Installation is located in northern New York, between Adirondack
Park and Lake Ontario, in an area referred to as the Thousand Islands Region (Figure 1). Fort
Drum is home to the US Army’s 10th Mountain Division (Light Infantry), and at the end of the
2018 fiscal year, there were approximately 15,000 active duty military personnel on base (US
Army 2018). In addition to active duty personnel, there are approximately 17,200 family
members and 4,100 civilians on base (US Army 2018). Currently, Fort Drum is 43,409 hectares
(US Army 2018), with the Cantonment Area making up approximately 3,237 hectares of this
(US Army 2018), and the remainder being the training area. Within the Cantonment Area, 21%
of the land cover is developed, 21% is deciduous forest, 5% is coniferous forest, 10% is mixed
forest, 8% is shrubland, and 33% is grassland. On Fort Drum, there are 1,020 plant species, 252
bird species, 49 mammal species, and 12 reptile species that have been recorded (US Army
2018).
At the weather station in Watertown, New York, a city approximately 10 miles from Fort
Drum, 30-year averages are reported for 1981–2010 (National Oceanic and Atmospheric
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Administration n.d.). The mean minimum temperature in Watertown was 2.8°C (37°F), mean
average temperature was 7.9°C (46.2°F), and the mean maximum temperature was 13°C
(55.4°F). In winter, the mean minimum temperature was -10.6°C (13°F), while the mean
maximum temperature in summer was 25.4°C (77.8°F). Watertown experienced a mean annual
precipitation of 109.5 cm (43.1 in, National Oceanic and Atmospheric Administration n.d.). At
Fort Drum, there is an annual average of 276.9 cm (109 in) of snowfall (US Army 2018).
Approximately 104 days have below freezing temperatures (< 0°C) from December through
March (US Army 2018).
METHODS
Questing Tick Collection and DNA Extraction
We collected questing black-legged ticks at Fort Drum Military Installation using tick
drags. In 2018 and 2019, we completed tick drags at 56 sites, and in 2020, we completed tick
drags at 48 sites (Figure 1). Each site consisted of three parallel transect drags conducted 10-m
apart, and each transect was 50m long, totaling 150m of tick drag per site (Appendix 1). All sites
were dragged from May until August, with drags being conducted once every two weeks. We
continued surveying 18 of these sites until November 2018 and 2019, and we surveyed 25 of
these sites until November 2020. We placed collected ticks in a -4℃ freezer for short-term
storage, before being moved to a -20℃ freezer.
As questing ticks have not fed as recently and would likely not contain as much
bloodmeal DNA as engorged ticks, we selected an extraction method that does not pass DNA
through a filter. For this, we adapted the methods of Strobl et al. (2017). We cut open the
abdomen of the ticks and placed the ticks in 40 𝜇l of Proteinase K solution containing 500
μg/mL Proteinase K, 10 nM Tris-Cl, 1mM EDTA, and 25 mM NaCl. Ticks were incubated on a
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tilting plate overnight at 37℃, and then inactivated at 75℃ for 20 min. Tick DNA was extracted
in a PCR plate, and an extraction negative control was included with each plate.
We extracted DNA from 340 of 362 nymph and adult ticks collected in 2018, from 1,206
of 2,061 nymph and adult ticks collected in 2019, and from 484 of 485 nymph and adult ticks
collected in 2020 (Appendix 3). Missing ticks from 2018 and 2020 were primarily used during
the development of genetic techniques, and we analyzed only a portion of ticks in 2019 due to
the large sample size. Of the questing ticks we extracted DNA from, 25.0% were adults in 2018,
35.7% were adults in 2019, and 51.2% were adults in 2020. The remaining percentages of ticks
from which DNA was extracted annually were nymphs. The bloodmeal contained within a
questing nymph tick is one obtained during the larval life stage, and the bloodmeal contained
within a questing adult tick is one obtained during the nymph life stage.
DNA Amplification and Next-Generation Sequencing
Following previously established protocols (Chapter 4), we amplified DNA from the
ticks’ previous bloodmeal using the 12SV5 primer set (Riaz et al. 2011), which is designed to
amplify all vertebrate DNA at the V5 loop of the mitochondrial 12S gene. We modified the
primers and used dual indexing to identify individual samples, using a Genotyping-in-Thousands
by sequencing approach (Campbell et al. 2015). We ran each year individually, with DNA from
340 ticks collected in 2018 pooled together and DNA from 484 ticks collected in 2020 pooled.
For 2019, we created 3 pools to sequence, as more ticks were collected. We created two pools
each containing DNA from 380 ticks collected in 2019, and one pool containing DNA from 446
ticks collected in 2019. Pooled samples were run on an Illumina MiSeq with a PE150bp Nano
reagent kit (San Diego, CA, USA). DNA was repooled for ticks from 2018 and 2020 that did not
have bloodmeals identified in the initial amplification. Repools were customized, altering the
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amount of each sample added, in order to normalize the number of sequencing reads between
samples based on the initial amplification. Repools were then run on an Illumina MiSeq with a
PE150bp Nano reagent kit (San Diego, CA, USA). Although samples from 2019 were not
repooled and run again to increase the success rate, there were approximately 2.5 times as many
ticks analyzed as any other year.
Sequence Data Processing
Sequences were analyzed using DADA2 (Callahan et al. 2016) in R (R Core Team 2013).
We allowed a maximum of two expected errors per sequence read, dereplicated sequences,
merged forward and reverse reads together, and removed likely chimeras. Resulting sequences
were then exported from R, and we converted the sequences to the FASTA format. Taxonomic
assignment was completed for the exported sequences using nucleotide BLAST and the NCBI
database (Benson et al. 2018).
We summarized sequence data from each sample. Laboratory contaminants that showed
up in multiple extraction negatives were identified and removed from consideration for all
samples. This included six sequences that could potentially be bloodmeal sources, which were
from Sorex sp., fisher (Pekania pennanti), northern cardinal (Cardinalis cardinalis), white-tailed
deer (Odocoileus virginianus), Mustela sp., and Colinus sp. We only excluded other sequences
that rarely showed up in extraction negatives from the amplification plate in which the
contamination appeared.
We had two sets of scoring rules. For the conservative set of rules, we only counted
bloodmeals from samples that showed a single species in one of the next-generation sequencing
runs. For the liberal set of rules, we counted bloodmeals from samples that included multiple
sequences but only if the secondary sequences had less than a third of the number of sequence
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reads as the primary bloodmeal sequence. Under the liberal rules, we also included samples that
matched to a family but not to a specific species or genus. We then totaled the number of tick
bloodmeals attributed to each wildlife species identified using each set of rules.
Statistical Analysis of Sequenced Bloodmeals
We used the chi-squared goodness of fit test to evaluate the differences between years in
bloodmeals observed. We tested the hypothesis that tick bloodmeals do not differ in proportion
of bloodmeals from a given species between years. To test this hypothesis, we used the chisquared test to compare the observed bloodmeals within a given year using the conservative
scoring rules to the expected number of bloodmeals using R (R Core Team 2013). For our
expected values, we took the average percentage of bloodmeals coming from each species across
all years and multiplied that percentage with the total number of bloodmeals identified within a
year. As several expected category values were small, we used a simulated p-value based on
2000 replicates. We also tested the percentage of bloodmeals coming from species in 2018
against observed values in 2019 and 2020, and we tested the percentage of bloodmeals coming
from species in 2019 against observed values in 2020. For the chi-squared tests we combined
species that had no occurrences during any of the three years into an “other” category. This
combined the northern short-tailed shrew (Blarina brevicauda), hairy-tailed mole (Parascalops
breweri), meadow vole (Microtus pennsylvanicus), Peromyscus sp., groundhog (Marmota
monax), and Virginia opossum into an “other” category for this analysis.
Collection of Ticks from Small Mammals
We trapped small mammals at Fort Drum Military Installation during June 2018, 2019,
and 2020. In 2018, we placed two trapping grids (Appendix 4) per cover type in coniferous and
mixed forest cover types consisting of 72 Sherman live traps (H. B. Sherman Traps, Inc.,
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Tallahassee, FL, USA) and 36 Tomahawk traps (#202, Tomahawk Live Trap, Hazelhurst, WI,
USA). In 2019, we placed two trapping grids per cover type in coniferous, deciduous, and mixed
forest cover types. In 2020, we placed two trapping grids per cover type in coniferous and mixed
forest cover types and one trapping grid in the deciduous forest cover type. While the number of
trapping locations varied among years, we repeated the same locations in the various cover types
(Figure 1). We also trapped raccoons (Procyon lotor) around trapping grids in 2020 to decrease
the disturbance on our traps and increase our capture rates for small mammals. We placed traps
in a 6×6 grid with each trapping location 10 m apart and consisting of two Sherman live traps
and one Tomahawk trap. Traps were baited with a mixture of peanut butter and oats with
polyester batting for nesting in each trap. We checked traps twice a day, and when animals were
captured, we marked them with ear punches or ear tags and searched around their head and neck
for attached black-legged ticks (Appendix 7). Animals were only searched for ticks at the initial
capture and were not searched for ticks if recaptured. We only searched at initial capture, as the
number of ticks present during recapture would not be a true tick load, but rather the number of
ticks obtained between capture events. For each year, we calculated the average number of ticks
per small mammal species and 95% confidence intervals for these estimates. Individuals that
escaped prior to being properly searched for ticks were not included.
Small Mammal Abundance Surveys
We measured small mammal relative abundance using game cameras (Cuddeback Model
H-1453) in summers 2019 and 2020. For this research, we used camera trap data from camera
traps at 26 forested tick drag sites. We limited this data to forested sites, as forest land cover had
the greatest number of ticks (Chapter 2), and small mammal trapping was only conducted in
forested land cover types. We used a downwards facing game camera baited with bird seed to
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survey small mammal species. Cameras were rebaited once a week and placed on the edge of
tick drags within the same cover type. Cameras were deployed for 8 weeks starting in June. Due
to resource limitations, we monitored half of the tick drag sites at a time, with downward facing
cameras rotated between tick drag sites every two weeks, so each location was surveyed for 4
weeks. We set game cameras to be motion triggered, have a two-picture burst, and a 30-second
delay time.
We summarized camera trap data for small mammal species which included mice,
eastern chipmunk, red squirrel (Tamiasciurus hudsonicus), and gray squirrel, and we determined
these species relative abundance. Mouse species were believed to be primarily white-footed or
deer mouse (Peromyscus maniculatus), but we were not able to differentiate between species for
small mammals around this size. Therefore, our estimate of mouse relative abundance was most
likely overestimated, as species such as shrews or voles were likely included in our mouse
relative abundance estimate. We were confident in our ability to identify mammals
approximately the size of eastern chipmunks or larger. We defined novel captures of animals as
captures of each species occurring a minimum of 5 minutes apart (Meek et al. 2014, Znidersic
2017). Our number of animals captured in a novel capture event was the maximum number of
each species observed in a single image from that capture period. Abundance for small mammal
species was the number of captures per trap day of each small mammal species. We calculated
the average captures per trap day for each small mammal and the 95% confidence intervals
around the estimates. While captures per trap day is not a true abundance, and we may have
undercounted different individuals of the same species that moved through in a short time frame,
our bias in methods should have been consistent which allowed us to compare relative
abundance among species.
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We used a Friedman test to compare small mammal relative abundance between species,
using species as our grouping factor, and the site by year as our blocking factor with R (R Core
Team 2013). We choose the Friedman test as our data is zero inflated, particularly red squirrels
that were primarily located in coniferous forest, and the Friedman test does not require
assumptions of normality. We used a Nemenyi test with a Bonferroni correction to evaluate
which pairings were different from one another using the package PMCMRplus (Pohlert 2018)
within R (R Core Team 2013).
RESULTS
Bloodmeal Analysis of Questing Ticks
Using our conservative rules, we identified 51 bloodmeals in 2018, 95 bloodmeals in
2019, and 29 bloodmeals in 2020 (Table 1). We identified 54 bloodmeals in 2018, 96 bloodmeals
in 2019, and 30 bloodmeals in 2020 using our liberal rules. With our liberal rules, we were also
able to identify four additional bloodmeals to the Sciuridae family in 2018 and 2020 and six
additional bloodmeals to the Sciuridae family in 2019. While the liberal rules increased the
number of bloodmeals identified per year, they did not allow us to identify any additional species
from which bloodmeals were taken. Therefore, we primarily analyzed bloodmeals based on
determinations using the conservative scoring rules.
We found that bloodmeals were similar among years, with the simulated p-values
comparing 2018 to 2019 (χ2 = 10.18, df = 6, p = 0.11), comparing 2018 to 2020 (χ2 = 5.90, df =
6, p = 0.42), and comparing 2019 to 2020 (χ2 = 5.03, df = 6, p = 0.53) found not to be significant.
The simulated p-value comparing all years to the average percentage of bloodmeals across all
years equaled 0.89 (df = 12, χ 2 = 6.84). The percentage of bloodmeals coming from eastern
chipmunks (36.05% ± 16.02) did not vary statistically from eastern gray squirrels (26.32% ±
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18.45) when comparing 95% confidence intervals (Table 1). A higher percentage of eastern
chipmunks made up tick bloodmeals than any recorded species other than the eastern gray
squirrel, though. Birds (10.02% ± 8.15), American red squirrels (8.72% ± 3.95), North American
porcupines (Erethizon dorsatum, 6.86% ± 8.06), and raccoons (4.66% ± 4.91) also made up a
large portion of tick bloodmeals, whereas mice (Peromyscus sp.) made up a small percentage of
tick bloodmeals (2.31% ± 7.79). We identified bloodmeals from eight different species in 2018
and 2020, but we were able to identify bloodmeals from 11 different species in 2019 with the
increased sample size. Assuming our collection of ticks was a random sample of the population,
we were able to identify tick bloodmeals that occurred at a lower frequency with a larger number
of ticks. Two of the species identified in 2019, groundhog and Virginia opossum, were not
identified as bloodmeals in any other year.
Small Mammal Ticks and Abundance
During small mammal trapping, we captured four species in high enough abundance to
evaluate their tick load: eastern chipmunk, eastern gray squirrel, American red squirrel, and mice
(Peromyscus sp.). The mean number of ticks on a species within a year varied from 0.13 to 3.59
ticks (Table 2). We found large variation in tick count per individual, leading to most 95%
confidence intervals we calculated across all years overlapping. No clear trends were seen within
the data. From our camera trap data, we found that the average number of captures per trap day
increased for all species studied from 2019 to 2020. Based on the Friedman test, we found that
captures per trap day were different among species (Friedman chi-squared = 87.19, df = 3, p <
0.01). Using the Nemenyi test, we found no difference between eastern chipmunk and gray
squirrel (p = 0.74) or Gray Squirrel and mouse (p = 0.17) captures per trap day. Eastern
chipmunk and mouse (p = 0.01), eastern chipmunk and red squirrel (p < 0.01), gray squirrel and
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red squirrel (p < 0.01), and mouse and red squirrel (p < 0.01) captures per trap day were
different. Red squirrel captures per trap day was lowest on Fort Drum Military Installation, and
eastern chipmunk captures per trap day was higher than mouse or red squirrel captures per trap
day (Table 3).
DISCUSSION
On Fort Drum Military Installation, we found that eastern chipmunks and eastern gray
squirrels made up a large percentage of the successful larval and nymph black-legged tick past
bloodmeals identified in nymph and adult ticks. Eastern chipmunks are a highly competent
reservoir of Lyme disease (LoGiudice et al. 2003), and it seems likely that eastern chipmunks are
the primary reservoir of Lyme disease on Fort Drum. Although white-footed mice are the most
competent reservoir of Lyme disease (LoGiudice et al. 2003), they made up a small proportion of
bloodmeals on Fort Drum during our study.
We found that an average of 10.02% of ticks fed on birds each year. Previous research
has identified the percentage of birds infested with ticks at between 2.2% (Ogden et al. 2008) and
35.6% (Hill 2018), with an average tick load of 2.3 nymph ticks per bird (Hill 2018). Reservoir
competency varies among bird species (Ginsberg et al. 2005), but birds as a whole have a lower
Lyme disease reservoir competency than many other species (LoGiudice et al. 2003). This means
birds likely help dilute Lyme prevalence in ticks. Even if a bird does not transmit Lyme disease
to a tick it is carrying, birds may relocate black-legged ticks on the landscape, some of which
have previously been infected with Lyme disease (Scott et al. 2001, Ogden et al. 2008, Hill
2018). Our research helped determine what proportion of total bloodmeals came from bird
species, helping further define their relationship to black-legged ticks.
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In addition to determining the proportion of bloodmeals coming from various wildlife
species, we were also able to determine that proportions of bloodmeals were similar among
years. As small mammal populations have been found to fluctuate from year to year (McShea
2000, Schnurr et al. 2002, Elias et al. 2004), we expected there might be variation in the
proportion of bloodmeals these species contributed each year. What we observed within our
camera trapping data, though, indicates that while small mammal populations fluctuate over
time, these fluctuations impacted all the primary small mammal blood meals. Therefore, we did
not observe an apparent difference in which small mammal species were most abundant, and the
small mammal host ticks were most likely to encounter would stay relatively the same. Our data
also suggests that the low small mammal abundance during our study was not low enough to
cause a significant shift in tick bloodmeals to other bloodmeal sources on the landscape.
However, three years of data may have been insufficient to detect any temporal differences in the
genetic bloodmeal data, or these differences could have been hidden by evaluating Fort Drum as
a whole, rather than by cover type. A dataset covering a longer time period would be better
suited to evaluate changes in small mammal populations over time.
In contrast to our genetic work, trapping of small mammals did not show any differences
in tick load among eastern chipmunks, eastern gray squirrels, American red squirrels, and
Peromyscus sp. While previous studies have found varying larval tick loads on different small
mammals, with red squirrel and gray squirrels having the highest larval tick loads (LoGiudice et
al. 2003, Brisson et al. 2008), our small mammal sampling occurred when nymph black-legged
tick abundance was highest. We found high variation in the number of ticks per animal in all four
species, and the average number of ticks per an animal was below two for all species and years
except for eastern gray squirrels in 2019 (Table 2). We identified little variation in tick load from
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year to year as well, even though we found significantly more ticks on the landscape in 2019
than in 2018 or 2020 (Chapters 2 and 3). The mean number of ticks per animal was only highest
in 2019 for the eastern gray squirrel, and the 95% confidence intervals still overlap for all three
years for this species. We had the lowest number of animal captures in 2019, making it difficult
to estimate the average number of ticks per an animal for this year. This is especially true for
American red squirrels and Peromyscus sp., as we only captured three of each species. Small
mammal captures were highest in 2020, when we implemented raccoon trapping to decrease the
number of traps sprung without captures.
Eastern chipmunks made up a large percentage of tick bloodmeals and according to our
camera trap data were one of the most abundant small mammal species on Fort Drum. While
chipmunk abundance trends followed closely to the percentage of chipmunk bloodmeals, there
were some discrepancies among the other species. For example, red squirrels had the lowest
relative abundance from our camera trapping data of the small mammal species, yet they
composed approximately 8.7% of bloodmeals, while Peromyscus sp. only composed 2.31% of
bloodmeals. While the confidence intervals around these bloodmeal percentages are large and
overlapped between Peromyscus sp. and red squirrels, mean mouse relative abundance was over
19 times greater than red squirrel abundance in 2019, and over 6 times greater in 2020, so we
would expect to see significantly more Peromyscus sp. bloodmeals than red squirrels. This
discrepancy may be due to the habitat in which red squirrels live. We found that tick abundance
tends to be greater in coniferous and mixed forest habitats (Chapter 2), where red squirrels are
more commonly found (Smith 1968). Mouse abundance using camera trap data likely included
shrews and voles as well, which artificially inflated their relative abundance on the landscape.
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Including shrew and vole bloodmeals with mouse bloodmeals increases the percent of
bloodmeals to 5.31% from this group, which is still less than red squirrels.
While the Genotyping-in-Thousands approach (Campbell et al. 2015) we used to evaluate
tick bloodmeals allows us to run hundreds or even thousands of samples within a single nextgeneration sequencing run, we did see a variation in our success rate between years (Table 1).
However, with only three years of data, it is difficult to determine the cause of these differences.
One potential explanation is the difference in the number of pooled samples we ran in a single
sequencing run. We had the highest success rate in 2018, determining the bloodmeals of 15.00%
of the ticks we sequenced (Table 1). This year had the lowest number of tick samples in the
pooled next-generation sequencing run at 340 ticks. Our success rate dropped to 7.88% in 2019,
when we ran two pools of 380 ticks and one pool of 446 ticks, and our success rate was lowest in
2020 at 5.99% when we ran 484 ticks in a pool. It is difficult to say that this variation in success
is caused by the number of pooled samples, as the difference could be due to other variables we
were not able to evaluate. We also lowered our success rate in 2019 by not repooling and
sequencing tick DNA samples a second time. While our success rate was lower, we were still
able to capture the variation in tick bloodmeals that we expected to find.
This study showed the benefits of genetics techniques in determining the relative
influence of wildlife species as bloodmeal sources for ticks. Although live trapping found similar
tick loads on chipmunks, squirrels, and mice, with genetics, we found that the highest proportion
of tick bloodmeals came from eastern chipmunks and eastern gray squirrels. Our field-based
sampling would have showed us that small mammals had similar tick loads, resulting in us
assuming that tick bloodmeals came from all these species, and bloodmeal contribution was
related primarily to small mammal abundance on Fort Drum. Live trapping does not account for
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the number of ticks we record that will not successfully complete their bloodmeals, and the
feeding success of ticks has been found to range from 3.5% on opossums, 17.2% on squirrels,
24.3% on chipmunks, to 49.3% on mice (Keesing et al. 2009). Additionally, we would have
missed species like red squirrels that were fed on by ticks greater than their relative availability
without our genetic techniques. We were also able to identify the proportion of tick bloodmeals
coming from porcupines, raccoons, and various other species that would be difficult to evaluate
using live trapping. While ticks have previously been reported to feed on porcupines (Scott
2021), our finding of over 6% of bloodmeals coming from porcupines indicates that they may be
an important bloodmeal source and a potential reservoir of Lyme disease. Some wildlife species
were excluded from genetic analysis due to sample contamination, which will have biased our
percentages of bloodmeals coming from species we identified towards a higher percentage. This
is because we were not able to identify bloodmeals from species linked to contamination,
resulting in a lower total number of bloodmeals identified that we used to calculate percentages.
Regardless, the percentages should still be accurate in comparison to each other.
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Table 1. Black-legged tick bloodmeals identified at Fort Drum Military Installation, New York, in 2018, 2019, and 2020 using nextgeneration sequencing, including the percentage of total ticks sequenced that we successfully determined a bloodmeal for and the
average percentage of bloodmeals from each species determined using the conservative scoring rules with 95% confidence intervals.

Species
Eastern chipmunk
Eastern gray squirrel
Birds
American red squirrel
North American porcupine
Raccoon
Peromyscus sp.
Northern short-tailed shrew
Meadow vole
Hairy-tailed mole
Woodchuck
Virginia opossum
Total
Success Percentage

2018
Conservative Liberal
22
23
12
13
4
4
5
5
2
3
2
2
3
3
0
0
0
0
1
1
0
0
0
0
51
54
15.00
15.88

2019
Conservative Liberal
29
29
33
34
8
8
9
9
6
6
3
3
1
1
2
2
0
0
1
1
2
2
1
1
95
96
7.88
7.96
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2020
Conservative Liberal
10
11
6
6
4
4
2
2
3
3
2
2
0
0
1
1
1
1
0
0
0
0
0
0
29
30
5.99
6.20

Percentage of
bloodmeals
36.05 ± 16.02
26.32 ± 18.45
10.02 ± 8.15
8.72 ± 3.95
6.86 ± 8.06
4.66 ± 4.91
2.31 ± 7.79
1.85 ± 4.32
1.15 ± 4.95
1.00 ± 2.44
0.70 ± 3.02
0.35 ± 1.51

Table 2. The average tick load and 95% confidence intervals of small mammal species live
trapped at Fort Drum Military Installation, New York, in June 2018, 2019, and 2020.

Species
Eastern chipmunk
Eastern gray squirrel
American red squirrel
Peromyscus sp.

Mean ticks per animal ± 95% C.I. (sample size)
2018
2019
2020
0.44 ± 0.43 (16)
0.86 ± 1.35 (7)
1.09 ± 0.72 (55)
1.00 ± 0.85 (18) 3.59 ± 1.89 (17) 1.93 ± 0.84 (40)
1.13 ± 0.55 (16)
0.33 ± 1.43 (3)
1.11 ± 0.79 (19)
0.13 ± 0.20 (23)
0.67 ± 2.87 (3)
0.97 ± 0.78 (34)
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Range
0 ‒ 16
0 ‒ 13
0‒7
0 ‒ 11

Table 3. The average captures per trap day and 95% confidence intervals of small mammal
species at Fort Drum Military Installation, New York, in summer 2019 and 2020 from camera
trap data. Mouse species were believed to be primarily white-footed or deer mouse, but we were
not able to differentiate between species for small mammals around this size. Therefore, our
estimate of mouse relative abundance was overestimated, as species such as northern short-tailed
shrew or southern red-backed vole were likely included in our mouse relative abundance
estimate.
Species
Eastern chipmunk
Eastern gray squirrel
American red squirrel
Mouse species

2019
6.54 ± 2.36
7.29 ± 2.71
0.15 ± 0.18
2.86 ± 1.40

2020
11.05 ± 1.78
10.66 ± 3.30
1.23 ± 0.82
7.73 ± 2.05
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Figure 1. Location of tick drag transects and small mammal trapping grids on the Fort Drum
Military Installation Cantonment Area in New York. The top right inset map shows the location
of Fort Drum in northern New York.
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Chapter 6: Management Implications for Black-Legged Ticks at
Fort Drum Military Installation, New York
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MANAGEMENT IMPLICATIONS
Based on our research at Fort Drum Military Installation, New York, there are several
management implications for control of black-legged tick populations (Ixodes scapularis).
Management of mast abundance on site is not practical and would cause adverse effects on
wildlife species; however, we can use the relationship between mast and tick abundance to help
shape management of ticks. By measuring oak mast, we can predict when high tick years will
occur. As oak mast predicts tick abundance two years later, managers have time to plan and
implement more targeted management strategies. For example, heavy usage of acaricides drives
selection of ticks that are resistant to pesticide usage (George et al. 2004). If we know when tick
abundance will be high, we can target spraying of acaricides in select years, reducing the
resistance due to consistent pesticide usage, while still protecting families that live on Fort Drum.
This data can be used to educate natural resource visitors when to be more vigilant. Additionally,
we predicted surfaces of high tick abundance across Fort Drum Military Installation. While the
variables we used to make these predictions are not practical to manage, the predicted surfaces
are highly beneficial in identifying areas where the likelihood of encountering nymph and adult
ticks is highest, which can allow troops to be aware of tick risk in high relative abundance areas,
and recreational activities can be discouraged in the highest tick abundance areas. By using
publicly available geographically referenced data, these prediction models can also be easily
applied to new areas of interest. Ground validation of the models should be conducted when
applying them to new study areas to evaluate if they are accurate in these locations.
To control black-legged tick abundance on Fort Drum Military Installation, we
recommend focusing on habitat management rather than wildlife management. As modifying
habitat structure will have broader impacts on the ecosystem, management should be focused on
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areas where people are most likely to come into contact with ticks. Humans tend to encounter
ticks where human use of an area is high, and tick risk is at least moderate (Horobik et al. 2006).
Therefore, it is important to take human use of an area into account when taking management
actions to lower tick abundance. Areas around recreational opportunities, such as walking trails
and playgrounds, should be of high priority for management. Around trails, we recommend
reducing the forest canopy to allow more sunlight to dry out the area. Based on our models
(Chapter 2), keeping canopy cover at or below 75% would have a strong impact on tick
abundance, but any decrease in canopy cover would be beneficial. While reducing canopy cover
will increase midstory vegetation cover that is positively related to tick abundance, midstory
vegetation cover had a weaker influence on tick abundance than canopy cover. We recommend
removing midstory vegetation cover from within reach of the trail, which would decrease the
opportunity for ticks to access people who use these trails. We also recommend keeping some
separation between forest cover types and daycare facilities, neighborhoods, or playgrounds.
This separation is to keep recreational users from accidentally contacting forest habitat, so a
small buffer around these high use areas, even as little as 5 ft, would reduce risk from ticks. It
may also be beneficial to reduce leaf litter in these areas.
Removal of leaf litter has been shown to lower tick overwinter survival (Linske et al.
2019), and leaf litter traps moisture (Park et al. 1998), which can be beneficial to ticks for
reducing their desiccation risk. Leaf litter removal is very labor intensive, and removal would
need to be consistent or occur when the risk of freezing or desiccation to tick survival is greatest.
To increase risk of freezing, leaf litter removal should occur after new leaf litter is deposited in
the fall and before the harshest winter weather occurs. To increase risk of desiccation, leaf litter
removal should occur before nymph tick activity increases in May, as this increases exposure of
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nymph ticks and the larval ticks which become active later in summer. On the Fort Drum
Cantonment Area, manual removal of leaf litter would need to occur using rakes or leaf blowers,
as prescribed fires are not permitted. Prescribed fires lower tick abundance, but burns need to
occur regularly (every 2–4 years) to maintain this smaller tick population size (Gleim et al.
2019).
We found black-legged ticks to feed on a wide variety of wildlife species at Fort Drum
Military Installation. As Lyme disease tends to be diluted with high biological diversity
(LoGiudice et al. 2003, Ostfeld et al. 2006, Brunner and Ostfeld 2008, Ostfeld 2011), the
diversity of bloodmeals present should help lower Lyme disease prevalence on site. One of the
ticks’ primary bloodmeals on Fort Drum is the eastern chipmunk (Tamias striatus), which is a
highly competent reservoir host of Lyme disease. If wildlife management is desired in addition
to habitat management, we would recommend focusing management efforts on chipmunks to
reduce the prevalence of Lyme disease on Fort Drum.
One method to manage eastern chipmunks would be the use of small mammal bait boxes,
which use a bait to draw in small mammals and treat them with acaricides. These devices have
been found to significantly lower the infestation prevalence and intensity of ticks on whitefooted mice (Peromyscus leucopus) and chipmunks (Schulze et al. 2017). If managers wish to
implement small mammal bait boxes, we recommend targeting them around residential and
recreational areas where civilians are most likely to come in contact with ticks, as these devices
can be expensive to operate across a large area. Alternatively, managers could attempt to reduce
eastern chipmunk populations on site. This could be accomplished by promoting predators that
feed on chipmunks. One potential source of predation that could be promoted would be avian
predators, such as northern goshawks (Accipiter gentilis) and red-tailed hawks (Buteo
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jamaicensis). Northern goshawks prefer older, closed forest habitat (Greenwald et al. 2005), and
red-tailed hawks prefer a mix of forest, field, and edge habitat (Stout et al. 2006). These habitat
types exist on the Fort Drum Cantonment Area, and managers can focus on increasing the
efficiency of these predators at targeting chipmunks. Predation hazard to eastern chipmunks will
increase with more open canopy cover (Bowers and Ellis 1993), so the recommended habitat
changes to decrease tick abundance will also increase risk of predation to chipmunks by species
like red-tailed hawks. Reduction of course woody debris would increase chipmunk exposure for
predation as well (Zollner and Crane 2003) and creating platforms and perches will attract
raptors into the Cantonment Area (Hall et al. 1981, Reinert 1984, Witmer et al. 2008).
Additionally, research is being conducted to determine the primary prey sources of coyotes, gray
foxes, and red foxes on Fort Drum Military Installation. The results of this research can be used
to identify other potential predation sources for chipmunks. Levi et al. (2012) hypothesize that
even if these predators do not greatly increase the predation rate of small mammals, they will
cause small mammals to reduce their movements, resulting in fewer tick encounters.
If chipmunk populations are reduced, ticks will likely feed on different bloodmeal
sources, whereas treating chipmunks with acaricides will kill the ticks on this species. Therefore,
treating chipmunks with acaricides is the preferred method. If chipmunk populations are reduced
and ticks switch to bloodmeals from white-footed mice, this could increase Lyme prevalence on
Fort Drum. This outcome appears unlikely, due to the relatively small population size of whitefooted mice on Fort Drum and the small percentage of bloodmeals they contribute. As reduction
of chipmunk populations would alter the ecosystem, this scenario is worth consideration, though.
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Appendix 1. Tick drag plots surveyed at Fort Drum Military Installation, New York, for blacklegged ticks. The tick drag was pulled on the ground for 50-m transects, and at each drag site,
three parallel transect drags were conducted 10-m apart, totaling 150m per drag site.
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Appendix 2. Total number of black-legged ticks by sampling site and life stage collected during
the summer sampling season with tick drag surveys at Fort Drum Military Installation, New
York, from 2018 to 2020. DVLND1 and DLVND2 crossed land cover types, and MIX4 was
reclassified as coniferous forest using field collected data.

Land Cover Type
Site
Coniferous
CON1
Coniferous
CON2
Coniferous
CON3
Coniferous
CTC1
Coniferous
CTC2
Deciduous
CTD1
Deciduous
CTD2
Mixed
CTM1
Shrub
CTS1
Deciduous
DEC1
Deciduous
DEC2
Deciduous
DEC3
Grassland
DEV1
Grassland
DEV2
Grassland
DEV3
DVLND1 Grass/Deciduous
DVLND2 Grass/Deciduous
Grassland
DVLND3
Mixed
MIX1
Mixed
MIX3
Coniferous*
MIX4
Coniferous
RPT-01
Grassland
RPT-02
Coniferous
RPT-03
Deciduous
RPT-04
Deciduous
RPT-05
Grassland
RPT-06
Grassland
RPT-07
Coniferous
RPT-08
Grassland
RPT-09
Deciduous
RPT-10
Grassland
RPT-11
Grassland
RPT-12
Mixed
RPT-13
Deciduous
RPT-14

2018
Nymph Adult
7
4
5
4
4
0
4
2
6
1
5
0
3
0
14
9
3
0
3
1
1
0
0
0
0
0
0
0
0
0
4
0
4
4
0
0
0
3
6
1
6
2
15
2
0
0
1
2
10
0
6
0
3
0
0
0
26
3
2
0
1
0
2
0
0
0
6
1
0
1
134

2019
Nymph Adult
40
12
37
16
63
4
191
14
22
0
75
1
128
2
123
14
3
13
26
0
17
2
1
0
1
1
1
0
1
0
47
1
3
6
0
0
23
2
77
9
61
3
22
43
0
0
27
2
35
1
10
1
1
1
0
0
56
7
0
7
3
5
0
0
1
0
43
10
3
0

2020
Nymph Adult
12
9
24
11
9
3
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
1
5
4
5
1
2
0
1
0
1
0
0
9
0
0
3
0
0
6
7
18
17
18
4
11
32
0
0
4
6
1
0
8
2
0
4
0
0
8
1
0
3
0
4
0
0
0
0
6
1
2
0

RPT-15
RPT-16
RPT-17
RPT-18
RPT-19
RPT-20
RPT-21
RPT-22
RPT-23
RPT-24
RPT-25
RPT-26
RPT-27
RPT-28
RPT-29
RPT-30
RPT-31
RPT-32
SHRUB2
SHRUB4
SHRUB5

Grassland
Coniferous
Grassland
Coniferous
Grassland
Grassland
Shrub
Shrub
Deciduous
Deciduous
Mixed
Coniferous
Grassland
Grassland
Coniferous
Deciduous
Deciduous
Grassland
Shrub
Shrub
Shrub

1
5
1
10
0
0
1
2
1
23
5
1
0
0
2
2
1
0
1
0
1

0
0
0
3
0
0
0
1
1
8
2
0
1
0
3
1
0
1
0
0
0
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1
20
1
58
1
1
0
6
8
106
20
6
12
1
64
14
24
1
3
3
32

0
2
0
15
0
0
2
3
9
9
7
0
14
3
11
7
2
1
1
2
3

0
2
0
19
0
0
0
NA
2
5
1
0
2
0
4
3
5
0
0
NA
0

0
7
0
12
0
0
1
NA
1
13
4
0
15
3
6
4
1
0
2
NA
3

Appendix 3. Total number of black-legged ticks by sampling site and life stage collected during
the summer and fall sampling season with tick drag surveys at Fort Drum Military Installation,
New York, from 2018 to 2020. DVLND1 and DLVND2 crossed land cover types, and MIX4
was reclassified as coniferous forest using field collected data.

Land Cover Type
Site
Coniferous
CON1
Coniferous
CON2
Coniferous
CON3
Coniferous
CTC1
Coniferous
CTC2
Deciduous
CTD1
Deciduous
CTD2
Mixed
CTM1
Shrub
CTS1
Deciduous
DEC1
Deciduous
DEC2
Deciduous
DEC3
Grassland
DEV1
Grassland
DEV2
Grassland
DEV3
DVLND1 Grass/Deciduous
DVLND2 Grass/Deciduous
Grassland
DVLND3
Mixed
MIX1
Mixed
MIX3
Coniferous*
MIX4
Coniferous
RPT-01
Grassland
RPT-02
Coniferous
RPT-03
Deciduous
RPT-04
Deciduous
RPT-05
Grassland
RPT-06
Grassland
RPT-07
Coniferous
RPT-08
Grassland
RPT-09
Deciduous
RPT-10
Grassland
RPT-11
Grassland
RPT-12
Mixed
RPT-13
Deciduous
RPT-14

2018
Nymph Adult
20
7
13
14
12
0
4
2
6
1
5
0
3
0
14
9
3
0
4
2
3
0
1
0
0
1
0
0
0
0
8
0
4
6
1
0
0
4
11
3
11
4
15
2
0
0
1
2
10
0
6
0
3
0
0
0
26
3
2
0
1
0
2
0
0
0
6
1
0
1
136

2019
Nymph Adult
44
38
38
82
73
19
191
14
22
0
75
1
128
2
123
14
3
13
26
8
18
14
1
7
1
2
1
4
1
5
52
4
3
15
0
0
24
5
83
40
66
23
22
43
0
0
27
2
35
1
10
1
1
1
0
0
56
7
0
7
3
5
0
0
1
0
43
10
3
0

2020
Nymph Adult
16
10
26
16
13
5
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
NA
6
6
10
7
3
2
0
4
0
2
0
3
12
4
0
4
0
0
7
10
24
23
25
9
11
32
0
0
5
8
1
0
8
2
0
4
0
0
11
1
0
3
0
4
0
0
0
0
8
1
3
0

RPT-15
RPT-16
RPT-17
RPT-18
RPT-19
RPT-20
RPT-21
RPT-22
RPT-23
RPT-24
RPT-25
RPT-26
RPT-27
RPT-28
RPT-29
RPT-30
RPT-31
RPT-32
SHRUB2
SHRUB4
SHRUB5

Grassland
Coniferous
Grassland
Coniferous
Grassland
Grassland
Shrub
Shrub
Deciduous
Deciduous
Mixed
Coniferous
Grassland
Grassland
Coniferous
Deciduous
Deciduous
Grassland
Shrub
Shrub
Shrub

1
5
1
10
0
0
1
2
1
23
5
1
0
0
2
2
1
0
1
0
2

0
0
0
3
0
0
0
1
1
8
2
0
1
0
3
1
0
1
1
0
1
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1
20
1
58
1
1
0
6
8
106
20
6
12
1
64
14
24
1
3
3
32

0
2
0
15
0
0
2
3
9
9
7
0
14
3
11
7
2
1
15
10
9

0
2
0
19
0
0
0
NA
2
5
1
0
2
0
4
3
5
0
2
NA
1

0
8
0
12
0
0
1
NA
3
13
4
0
15
3
9
4
1
0
9
NA
6

Appendix 4. Small mammal trapping grid consisting of 72 Sherman live traps (H. B. Sherman
Traps, Inc., Tallahassee, FL, USA) and 36 Tomahawk traps (#202, Tomahawk Live Trap,
Hazelhurst, WI, USA). Traps were placed in a 6×6 grid with each trapping location 10 m apart
and consisting of two Sherman live traps and one Tomahawk trap. Traps were baited with a
mixture of peanut butter and oats with polyester batting for nesting in each trap.
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Appendix 5. Geographically referenced data collected at the mean center of tick drag sites at Fort Drum Military Installation, New York.
Values are the mean (standard deviation) of each variable by cover type. AWC is available water capacity represented as a volume fraction.
Land cover
Grass
Shrub
Deciduous
Coniferous
Mixed

Soil AWC
0.15 (0.05)
0.18 (0.02)
0.17 (0.01)
0.12 (0.05)
0.09 (0.04)

Soil pH
Forest edge distance (m) Road distance (m)
6.35 (0.38)
116.79 (91.59)
103.17 (89.69)
6.57 (0.32)
39.36 (57.5)
73.48 (31.79)
6.51 (0.43)
11.15 (21.35)
96.29 (71.53)
6.2 (0.45)
34.94 (53.75)
85.05 (43.14)
6.11 (0.48)
38.27 (54.8)
85.59 (26.11)
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Water distance (m)
305.55 (319.49)
303.67 (188.49)
551.46 (349.44)
214.37 (163.71)
320.7 (303.87)

Appendix 6. Wildlife diversity metrics calculated using game camera surveys at Fort Drum Military Installation, New York, from 2019 to
2020. Values are the mean (standard deviation) of each variable by cover type. SM stands for small mammals, and pred stands for predators.
Year
2019

Land cover
Grass
Shrub
Deciduous
Coniferous
Mixed

Species
richness
4.5 (1.2)
6.3 (1.5)
6.1 (0.9)
7.0 (1.2)
6.5 (1.3)

2020

Grass
Shrub
Deciduous
Coniferous
Mixed

6.1 (2.0)
6.3 (2.1)
7.4 (1.7)
8.2 (1.9)
7.0 (1.4)

Shannon's
Index
0.9 (0.2)
0.6 (0.3)
0.9 (0.3)
1.0 (0.2)
1.1 (0.2)

SM
species richness
1.4 (1.1)
2.3 (1.5)
2.8 (0.9)
3.5 (0.8)
3.0 (0.0)

SM Shannon's
Index
0.1 (0.2)
0.3 (0.4)
0.5 (0.4)
0.6 (0.3)
0.7 (0.4)

SM
abundance
3.6 (4.2)
10.8 (1.8)
19.6 (10.4)
14.5 (6.3)
15.7 (8.5)

Pred
species richness
1.4 (0.5)
2.3 (0.6)
1.6 (0.7)
2.2 (0.6)
2.0 (0.8)

0.9 (0.2)
0.5 (0.3)
1.1 (0.2)
1.2 (0.3)
1.0 (0.2)

2.8 (0.9)
3.0 (1.0)
3.3 (0.6)
4.1 (0.7)
3.8 (0.5)

0.6 (0.2)
0.3 (0.3)
0.9 (0.2)
1.1 (0.3)
1.0 (0.2)

13.9 (5.5)
14.6 (5.2)
31.7 (8.8)
30.0 (8.9)
30.3 (9.7)

1.4 (1.3)
1.3 (1.5)
2.4 (1.2)
2.4 (1.4)
2.0 (0.8)
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Appendix 7. Summary data of small mammal trapping completed at Fort Drum Military Installation, New York, from 2018 to 2020. Values
are the number of unique animals captured (total number of ticks removed from the head and neck area of all unique animals). These totals
include individuals that escaped prior to being properly searched for ticks. All grids were trapped for three trap days each year, and each grid
consisted of 72 Sherman live traps and 36 tomahawk traps.
Year Land Cover
2018 Coniferous
Mixed
2019 Deciduous
Coniferous
Mixed
2020 Deciduous
Coniferous
Mixed

Grid
Con1
Con2
Mix1
Mix2

Peromyscus
sp.
2 (0)
0
14 (2)
8 (1)

Eastern
chipmunk
1 (1)
3 (5)
12 (1)
2 (0)

Eastern gray
squirrel
0
22 (18)
1 (0)
0

American red
squirrel
0
10 (11)
5 (2)
2 (5)

Northern flying
squirrel
0
0
0
0

Northern shorttailed shrew
0
0
1 (0)
4 (0)

Dec2
Dec4
Con1
Con2
Mix1
Mix2

3 (2)
0
0
0
0
0

0
1 (0)
0
1 (3)
4 (3)
1 (0)

5 (36)
2 (3)
1 (0)
11 (35)
0
0

0
0
0
3 (1)
0
0

0
0
0
0
0
0

0
0
0
0
0
0

Dec4
Con1
Con2
Mix1
Mix2

3 (1)
15 (3)
5 (20)
7 (1)
6 (8)

11 (3)
3 (1)
7 (31)
31 (16)
5 (10)

2 (0)
10 (32)
22 (30)
5 (13)
3 (2)

0
2 (1)
11 (15)
0
6 (5)

0
1 (0)
1 (1)
0
2 (1)

0
0
0
0
0
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